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INTRODUCTION 

OBJECTIVES and DESCRIPTION OF WORK 

The general  objectives of the work being performed on the present  
contract  a r e  to conduct a research program on the behavior of thin alkali 
l ayers  on refractory substrates,  and from this to obtain fundamental knowl- 
edge applicable to  solution and control of voltage breakdown ac ross  vacuum 
gaps between alkali-coated electrodes. 
three general  areas:  (1) studies of the surface kinetics of various adsorbate/  
substrate combinations by field emission techniques when such parameters  a s  
temperature ,  adsorbate coverage, and applied field a r e  varied; (2 )  a n  investi- 
gation of prebreakdown gap currents  and electr ical  breakdown conditions 
between clean and cesium-coated refractory electrodes a s  functions of such 
parameters  as  applied voltage, surface electric field, cesium coverage, 
ambient cesium pressure  within the gap, and environmental conditions; 
and (3) investigation of individual xenon ion sputtering events on clean 
tungsten by means of field ion microscopy and d cesium ion sputtering 
of cesium-coated tungsten by field electron microscopy. 

The work has  been divided into 

SUMMARY OF RESULTS 

Reviews of work done on the problems listed above previous to the present  
contract  a r e  given in  the final reports f o r  Contracts NASr-19 and NASw-458. ' 9  

P r o g r e s s  made under the present contract includes the following. 

Studies of Surface Kinetics by Field Emission Techniques 

Work function dependence upon relative cesium coverage has  been determined 
by field emission techniques for  C s  on W ,  Mo and Re. 
work function minimurns a r e  approximately the same,  about 1.50 + 0. 05 ev; 
likewise the work-functions for  high coverages a r e  nearly identicax about 
1.82 t 0.03 ev. Variation of average work function versus  absolute surface 
concentration has been measured fo r  cesium on tungsten and i s  found to agree  
in  shape with ear l ie r  thermionic data of Taylor and Langmuir3; however, the 
surface concentration a t  the minimum was measured to  be 1 . 9  x 1014 a toms/cm , 
substantially lower than previously reported values. 
plane of tungsten has been measured and found to differ considerably f rom the 
average work function at low coverages, but t o  approach the latter at high 
coverages. 
lowers the work function for  most cesium coverages ( to  as  low a s  1.0 ev at the 
minimum) and reduces the surface coverage required to  attain minimum work 
function. 

F o r  these substrates the 

- 

2 

The work function of the (100)  

The presence of oxygen on a tungsten o r  molybdenum substrate 

The dependence of work function upon substrate temperature has  

1 



been measured for  cesium on molybdenum and found to be an order of magni- 
tude higher than and opposite in sign to the temperature dependence of clean 
molybdenum; a typical value isA @ / A  T = -1.5 x ev/OK for  a coverage of 
0. 1 monolayer. 
Helmholtz equation and the mutual depolarization model. 

Many of the above results a r e  interpreted in t e rms  of the 

The effect of a n  electric field upon the equilibrium cesium coverage on 
an emit ter  tip was investigated and found to  be appreciable, with fields of the 
order  of 10 Mv/cm changing the surface coverage by a factor of two in  some 
cases .  
field-dependent te rms  of the chemical potential a t  different points on the 
emitter surface. 

The effect may be explained by consideration of the magnitudes of 

The desorption energy for  cesium ions from tungsten with a cesium cov- 
erage of 2 .  8 x 1014 atoms/cm2 was measured a s  a function of applied field; 
i t  varied from 0. 79 ev at  0 field to 0. 29 ev at 59 Mv/cm. 
a s  a function of coverage at  constant emitter temperature was also measured; 
the field i s  highest a t  the work function minimum, a s  expected. 
desorption energy for  cesium ions from molybdenum was measured and i s  
2. 2 t 0. 1 ev, in reasonable agreement with theory. 
cesium f rom oxygen-covered tungsten has been investigated fur ther ;  the r e -  
sults indicate that oxygen increases the thermal desorption activation energy 
f o r  neutral  cesium atoms. 

The desorption field 

The zero  field 

Thermal  desorption of 

Diffusion rates of cesium on molybdenum have been measured f o r  coverages 
in the neighborhood of the coverage corresponding to the work function minimum; 
the resul ts  show that the high equilibration temperature a t  emin a s  measured ea r l -  
ier '  i s  not due to an  increase in the surface diffusion activation energy, but to a 
decrease in the diffusivity constant. Many of the surface diffusion results obtained 
so f a r ,  including the existence of two phases, can be interpreted in t e rms  of a 
model which t rea ts  the cesium coating a s  a localized lattice gas with la teral  
interactions. 

Electrical  Breakdown Studies 

It has been established that the pre-breakdown current  between tungsten 
-10 electrodes i s  field emission in nature for currents  ranging from 1. 0 x 10 

to 5. 0 x l o m 6  amperes,  fo r  voltages from 1.5 to 30. 0 kv, cesium coverages 
f r o T  0 to more  than one monolayer, ambient cesium pressures  up to 2 .0  x 
10- to r r ,  clean substrate temperatures f rom 300°K to l l O O o  K ,  electrode 
spacings from 1. 5 to 10. 0 mils ,  and f o r  both polarities of the gap. 
origin of these currents  has been shown to be surface irregularit ies 
where enough localized enhancement of the gross field can be realized to 
account f o r  appreciable field emission current .  

The 
' 

In addition, the pre-breakdown 
electrodes were determined under 

currents between clean molybdenum 
ultrahigh vacuum conditions for  electrode 

2 



gap spacings from 1 .0  to 10 mils and f o r  various degrees of surface rough- 
ness. The field emission nature of the 
currents f rom 1 . 0  x 10-l' to 5. 0 x 10' 

ap  current was established for 
amperes  independent of gap spacing. .+ 

As the initial gap current was increased by increasing the gross field, 
instabilities in the form of a steady increase in current a t  a constant applied 
voltage were found to occur. Some of these instabilities could be associated 
with electrode movement due to the electrostatic s t r e s s  between electrodes. 
Despite this problem, current densities of more  than 1. 0 x 10 
fields up to 6. 9 x l o 7  volts/cm were measured in the molybdenum electrode 
tube over a wide range of enhancement factors f o r  cesium-free electrodes. 
In this special case breakdown is a cathode-initiated process related to the 
resistive heating of the tip of a surface protrusion at  very high current 
densities. 

7 amp/cm2 and 

A brief study of the growth of protrusions was made. It has been found 
that under certain conditions of electric field and temperature,  protrusions 
can be induced to grow on field emission tips. This leads to changes in the 
geometrical field factor, p , which cause localized enhancement leading to 
an observed increase in current a t  a constant voltage. Other investigations 
have shown that growth of protrusions does occur on gross surfaces under 
high fields. 

Visible radiation in the form of a luminous blue-white spot was detected 
on the anode at  current levels where the field emission I(V) characterist ics 
remained stable and reproducible. This radiation has been identified a s  
optical transition radiation, and i s  shown not to be a factor contributing to 
the voltage breakdown process. 

Sputtering Studies 

Field ion pattern photographs of xenon ion bombardment of a tungsten 
tip give evidence of xenon atom burial within the tungsten lattice and show 
extensive damage in the $11. regions. The ion patterns also show some 
indications of focusing effects, and of gross surface roughening and target 
shape changes. 

PAPERS 

The following papers covering various portions of past and present work 
a r e  in various stages of publication: 

"Field-Emission Investigation of Thermal Desorption and Surface 
Diffusion of Cesium on Tungsten," by L. W. Swanson, R. W. Strayer ,  
F. M. Charbonnier, and E. C. Cooper; published a s  NASA Contractor 
Report CR-22 (January 1964). 
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"Visible Radiation f rom Metal Anodes Preceding Electrical  Breakdown , I t  

by Carol  J .  Bennette, Lynwood W . Swanson, and Richard W .  Strayer:  
to be published in  the Journal of Applied Physics as a Communication 
to the Editor.  

"The Variations of Work Function with Cesium Coverage on Molybdenum, 
Tungsten, and Rhenium Substrates , ' '  by L. W .  Swanson, R.  W .  Strayer,  
and F. M .  Charbonnier; to be published in the Proceedings of the Twenty- 
Fourth Annual Conference on Physical Electronics. 

"The Effect of Electric Field on Adsorbed Layers  of Cesium on Various 
Refractory Metals ," by L. W .  Swanson, R. W .  Strayer , and F.  M. 
Charbonnier; submitted to the Journal of Physics and Chemistry of 
Solids. 

Papers  were also presented a t  the following professional meetings: 

1963 Summer Meeting in the East  of the American Physical Society: 
Buffalo, New York; 24-26 June 1963. 

Tenth Annual Field Emission Symposium; Baldwin- Wallace College , 
Berea ,  Ohio; 4-6 September 1963. 

Twenty-Fourth Annual Conference on Physical Electronics; Massa- 
chusetts Institute of Technology , Cambridge, Massachusetts; 
25-27 March 1964. 

The support given by NASAfor the work reported in  these papers and the 
presentation thereof i s  gratefully acknowledged. 
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S'I'UDIES OF CESIUM SURFACE KINETICS B Y  F E L D  EMISSION TECHNIQUES 

EXPERIMENTAL TECHNIQUES 

Field Emission Measurements and Monitoring 

The application of field emission microscopy to studies of surfaces have 
been described in  the l i terature.  4 y  
in  these investigations have been described in detail previously; '1 

brief resume need be given here .  

The field emission techniques utilized 
only a 

Measurements of the field emission current I a s  a function of applied 
voltage V enables one to obtain the work function 8 of the adsorbate-coated 
surface and the geometrical ra t iop  of the electric field F a t  the emit ter  
surface and the a p  lied voltage. If the resulting I-V data a r e  plotted i n  

line i s , f r o m  the Fowler-Nordheim law of field emission, 

the form loglo I /  3 versus  10 4 / V I  the slope m of the resulting straight 

3 312 - 2 . 8 3  x 10 8 m =  
P 

F o r  a clean surface of known work function p is determined directly from 
equation 1 , and the electric field is then given by F = p V for any applied 
voltage V. The work function of a coated surface is obtained f rom 

where 8, and m,  a r e  the work function and slope corresponding to the clean 
surface and 8 and m a r e  the work function and slope for  the coated surface. 

The presence,  migration, and desorption d the adsorbate a r e  detected 
and measured through observation of the occurrence and time ra te  of result-  
ing changes in  the field emission pattern. 
under study due to  effects of the high electric field 
the voltage necessary for  field emission i s  applied to the tube in the form of 
very short pulses a t  low duty factor ,  and the field emission pattern i s  then 
viewed a s  a motion picture. This technique5 minimizes the perturbing effect 
of the viewing field on the event under study and allows almost complete f r ee -  
dom in the selection both of the tip temperature and of the magnitude and 
polarity of the dc voltage gradient which, in addition to pulsed viewing f ie ld ,  
may be applied a t  the tip surface. 

To avoid alteration of the processes  
required for  field emission, 

5 



Description of Experimental Tubes 

The construction of the field emission microscopes employed in this 
investigation was standard4 except f o r  modifications to permit deposition 
of cesium onto the field emitter made of the desired substrate a t  a control- 
lable and measurable ra te .  The temperatures of the emitter and cesium 

2 source were controlled by an electronic servo-circuit described elsewhere . 
Pattern viewing was accomplished by pulse techniques to eliminate any field 
effects. 
coverage Ccurves for  two different substrates, a tube was designed with two 
emitter assemblies such that both emitters saw an  atomic beam of pure ces-  
ium of known attenuation (Figure 1). 
single emitter tube (Figure 2)  was employed with an additional oxygen source 
consisting of "in situ" formed copper oxide contained inside a heatable plati- 
num bucket which l iberates pure oxygen when heated to 720°K. 
tube" utilized in this work i s  sh wn in Figure 3 and i s  similar to one used 
previously by Young and Muller . 

In order  to compare the relative work function 0 versus adsorbate 

F o r  studying the effect of oxygen a 

A "probe 

8 
IC. 

The 0 - drelationship for  cesium on tungsten was d&ermined in the two- 
emitter tube by employing the cesium detector D of Figure 1 mounted on axis 
with the source and two emit ters  so  a s  to measure the cesium flux intercepted 
by the latter.  
of 110O0K) located a t  the center of a cylindrical molybdenum collector which 
was held a t  -22 volts with respect to the heated disc. 
portion of the cesium beam allowed to strike a known area  of the heated 
disc through a small  aperture in the collector was completely surface ionized, 
and from the total ionic charge measured a t  the collector it was possible to 
determine the surface density of atoms intercepted by the disc. To calculate 
the fraction of the beam intercepted by each emitter an r-2 attenuation factor  
was employedfor the source to emitter geometry of this tube. The latter was 
confirmed experimentally by comparing the 8 - brelationships of the two emit-  
t e r s  when both consisted of tungsten. Because of the smallness of the emitter 
and i t s  distance from the source, the cesium beam impinging on the upper half 
of the emitter was effectively parallel. 

The cesium detector consisted of a hot tungsten disct&mperature 

In this fashion, the 

Briefly, the probe tube shown in Figure 3 consisted of a field emitter 
cathode and a platinum disc anode (D) covered by a fluorescent screen 
with a 2.5 mm diameter hole in the center. 
crystal  made from zone-melted wire so oriented that emission from the desired 
crystal  plane was in the center of the emission pattern; precise alignment of the 
pattern with the probe hole was accomplished by a weak magnetic field. In the 
present study in which electrical data indicated a n  emitter radius of 1500 A, the 
projection of the probe hole back onto the emitter yields a surface a r e a  86 A in 
diameter. 
atom layer on the (100) plane can have a diameter a s  large a s  137 A; thus, when 
the probe i s  well-centered on the (100) plane, i t  accepts emission from that plane 
only. 

The emitter consisted of a single 

F o r  a perfectly hemispherical t ip  1500 A in radius the uppermost 
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Figure 2. Front view diagram of field emission microscope for investiga- 
tion of cesium and oxygen on tungsten. A, cesium source; B, 
oxygen source (heatable platinum crucible containing copper 
oxide); C, emitter assembly; D, electrical connection to con- 
duction coating; E,  anode ring; F ,  cesium reservoir; G, sec- 
ondary c e sium source. 
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The cesium source ( see  Figure 1) in each tube consisted of a thin re -  
sistively heated platinum disc (A) onto which a substantial amount of cesium 
could be condensed. The cesium was initially vacuum distilled into a break- 
off capsule (B) which was normally broken after the tube was sealed off f rom 
the vacuum system. After driving the cesium into the inner nozzle (C) by 
heating the cesium reservoir  and connecting a r m ,  the tube was placed in a 
cryostat  cooled by liquid nitrogen. The inner nozzle ( C )  was then used a s  
a convenient secondary reservoir from which cesium could be periodically 
sublimed onto the pr imary source (A),  by merely resistively heating the 
platinum wire surrounding the nozzle. 

The combination of an appendage molybdenum o r  titanium getter bulb 
and liquid nitrogen cooling of the entire tube envelope provided a vacuum 
sufficient to allow the tubes to remain several  days with no apparent con- 
tamination of the emitter even after several oxygen depositions when studying the 
effect of oxygen; also, immersing the tubes in liquid nitrogen extends the lower 
l imit  of the temperature to 77OK and eliminates undesirable loss of tube imped- 
ance which occurs a t  room temperature due to cesium mobility on the tube walls. 

Experimental Procedure 

The general procedure followed in determining the 8 - [relationship in 
the probe and two emitter tube was to  (1) dose the emitter with the emitter 
held at 77OK where only immobile adsorption can occur, (2 )  heat the emitter 
such that the cesium spreads uniformly and "equilibrates" the entire surface 
of the emit ter  after each dose, and ( 3 )  make a work function determination 
f rom the tube I-V characterist ics.  In the case of the probe tube both the 
partial  current  f rom the (100) plane and the total current  were measured 
in step (3)  and the corresponding work functions determined. 
the work function of the clean(100) plane of tungsten was determined to  be 
4.72 ev, in agreement with ear l ie r  measurements.  When measurements  
of the absolute cesium coverage were being determined, the cesium detector 
of the tube shown in Figure 1 was employed to measure the amount of cesium 
pe r  unit a rea  intercepted by each emitter after the dose. 

In this manner 

It  should be pointed out that several assumptions, most of which a r e  
reasonably justifiable, a r e  inferred by the foregoing procedure. F i r s t ly ,  
we assumed the condensation coefficient was unity a t  77OK over the range 
of coverages investigated. Langmuir3 has shown this assumption to be 
valid a t  300°K between 0 and 1 monolayer coverage, therefore, it i s  
reasonable to expect a condensation coefficient of unity even beyond one 
monolayer since in our case T = 77 K .  
of the adsorbed cesium during the heating period required f o r  equilibration 
over the uncovered portion of the emitter was assumed to be negligible. It 
can  be shown that the average distance y an ad-atom will migrate before 
being thermally desorbed i s  related to the difference in activation energy 
of desorption E: and migration E 

0 Secondly, thermal desorption 

0 by the following expression, d 
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y c a  exp (Ea 0 - E:)/2kT, 

where a i s  the site separation. 
migration for  cesium on tungsten have been determined’ so that it was 
possible to choose the proper temperature to give complete equilibration 
without exc e s sive de sorption. 

The activation energies of de sorption and 

The average change in  the surface coverage A dof both the shank and 
the emitting a rea  due to a dose R atoms per unit a r e a  of a cesium beam 
striking the emitter surface may be determined f rom the ratio of their  
respective cross-sectional to total area,  assuming that the beam is  essen-  
tially parallel. F o r  the shank, which can be represented by a cone of half- 
angle Q c ,  this ratio i s  C O S  Q c ; sincea 5 5O for  emitters used in this 

work, cos a 
IT 

2 0.996 and thus 

- R  A d = -  . 
TF ( 4) 

F o r  the emitting area,  which may be represented by a portion of a sphere 
with an a rea  between 1/2 and 1/4 of the surface a r e a  of a sphere, this ratio 
i s  between 1/4 and 1/5;  therefore, 
there is  a tendency fo r  the cesium concentration over the emitting a rea  of the 
t ip to increase with equilibration time due both to the longer t imes required 
f o r  equilibration of the shank and to the higher equilibrated coverage of the 
shank. 
emitter shank, its coverage will also approach R/T at  equilibrium. In 
practice the equilibration of each dose was car r ied  out until no further 
increase of cesium concentration in the emitting a rea  was noted a s  de- 
termined by work function variations. The importance of equilibrating the 
shank can  be emphasized by noting that in some instances a 15% change in 
measured work function was observed between initial equilibration of the 
dose ( a s  determined from the symmetrical  field emission pattern) and com- 
plete shank equilibration. 

A 6 = ’ R / 4 .  Thus, according to Figure 4, 

Since the emitting a rea  i s  very small  compared to  the a rea  of the 

The measurement of I-V characterist ics while heating the t ip was 
accomplished by inserting a Keithley Model 600A electrometer in the anode 
circuit. 
controlling the tip temperature by the electronic servo-circuit. 
points employed in rate studies involving surface diffusion and thermal 
desorption were determined by pattern changes (using pulsed field emission 
microscopy) and/or changes in surface work function. 

This allowed measurement of work function while simultaneously 
The end 

WORK FUNCTION VARIATION WITH CESIUM COVERAGE 

The field emission microscope has proved to  be a n  important tool f o r  
elucidating the behavior of adsorbed layers on both metal  and semi-conducting 
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I 

R (atoms/cm2) 

Equilibrate 

equilibrated ’ 
Equ i I i b ro t e 

u v  
(R cos ac)/r R/4 (no axial diffusion) 

R h  R/” (after axial diffusion) 

Figure 4. Equilibration sequence showing initial dosage (top) where emit- 
ter and shank are half covered, psuedo-equilibration (center) 
where emitter i s  covered but shank i s  not, and final equilibra- 
tion (bottom) where both emitter and shank are completely and 
uniformly c overed. 
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substrates .  
surface kinetics and electron work function of such systems i s  the surface 
concentration cd the adsorbed layer .  Normally, in  field emission mic ros -  
copy it i s  not possible to measure the surface concentration of the adsorbed 
l aye r s  directly; therefore, an indirect method i s  employed, which utilizes 
existing relationships between work function ( W F )  and adsorbate concentra- 
t ion 6. 
"Fowler -Nordheim" plots of the I-V character is t ics ,  as  described previously. 

One of the vari'ablesf requently measured when investigating the 

The W F  is readily determined in  the field emission microscope by 

Since field emission determined relationships between 8 and c a r e  
virtually non-existent, it has  been customary in the past  to r e so r t  to such 
relationships determined by other methods, usually employing thermionic 
techniques. 
between thermionic and field emission determined work functions f o r  cesium 
on tungsten and to consider the effect of different substrates on these r e -  
lationships. 
relationships. 

Inview of this, it was decided to investigate the agreement 

In addition, we investigated the effect of oxygen on the 8 - 6 

Some of the problems inherent in  much of the existing thermionic work 
devoted to establishing 8 - brelationships stern f rom the difficulty in  deter-  
mining absolute values of (because of uncertain degrees of surface roughness; 
also,  it is difficult to  establish the crystal  planes contributing t o  the average 
value of the W F  when dealing with polycrystal-face surfaces because of the 
excessive weighting toward the low W F  planes . Projection microscopy, 
which is natural  to the embodiment of field emission techniques and has  

7 a l so  been employed with thermionic techniques , reduces the la t ter  dis-  
advantage; moreover,  it is  possible to entirely eliminate the averaging 
problem by using probe methods8 which confine the W F  measurement to 
a single c rys ta l  face of a polycrystal-face surface. 
tainty in  such measurements which utilize polycrystal-face surfaces i s  the 
possible non-uniform distribution of the adsorbate over the various exposed 
crys ta l  faces.  

4 

An additional uncer- 

In view of these difficulties, the ideal surface f o r  a n  inve stigation of this 
nature should be a planar, atomically smooth, single c rys ta l  surface. Field 
emi t te rs  fulfill par t  of these requirements by exposing a nearly atomically 
smooth single crystal  surface, but the necessary hemispherical shape of these 
emi t te rs  automatically cause a variety of c rys ta l  planes to be exposed. The 
advantage of the use of probe techniques to overcome the la t ter  difficulty in 
field emission i s  partially offset by the inability to confidently state the dis- 
tribution of the adsorbate over the exposed crys ta l  faces ,  even though an 
average value of 6 i s  known. 

In spite of these shortcomings of field emission techniques to  establish 
unequivocally Q - &relationships, certain advantages of thi s technique plus 
the need f o r  determining any discrepancies between field emission and therm- 
ionic techniques provide sufficient motivation to  initiate an investigation of 
t h i s  nature. 
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Cesium on Molybdenum, Tungsten, and Rhenium 

The variation of field emission work function with cesium coverage has  
been investigated f o r  tungsten, molybdenum and rhenium substrates;  for the 
la t ter  two substrates only flav vs. relative cesium coverage has been deter-  
mined thus far.  ' In each case the work function has  a minimum value 8, at 
a particular cesium atom density 6, and increases  with cesium coverage to a 
constant value which i s  identical t o  the bulk work fuhction of cesium ( 1 . 8 1  ev).  
The pertinent results a r e  summarized in  Table I where it can be seen that 
fl i s  approximately 1.50 ev, independent of the initial work function of the 
clean substrate.  

m 

I 

TABLE I 

Values of Various Substrate Work Functions at Zero  
Cesium Coverage ( 6= 0) ,  the Work Function Minimum 

( 6= 6,) and the Highest Coverage Investigated ( 6= 6- ). 

Substrate 0 ( /= 0)ev. 0 ( 6= 6,)ev 0 ( 6=be) ev 

Molybdenum 4.20 1.50 t 0.05 1.82 t 0. 03 
Tung st e n  4 . 5 2  1.53 T 0.05 1 .  83  T 0. 03 

1. 80T 0. 03 Rhenium 4.85 - 1.45 0.05 - 

The characterist ic field emission patterns f o r  the substrates with various 
amounts of adsorbed cesium a r e  shown in F igures  5 to 7. 
s imilar i t ies  among the patterns fo r  the different substrates were noted: 
1) a t  low cesium coverages the emission i s  confined to the vicinities of the 
highest work function planes of the originally clean substrate ( i .  e .  , the 
(110) f o r  tungsten and molybdenum and the Q001) and ( l O i l ]  fo r  rhenium); 
2)  in the mid-coverage range the emission is confined strictly to the  orig- 
inally high work function planes of the clean substrate;  
g rea te r  than dm the emission distribution approaches that of the originally 
clean substrate.  The transition between patterns ( c )  and (d) of F igures  5 to 
7 occurs  somewhat gradually in  the work function range 2 . 2  t o  2 . 6  ev for  the 
three substrates ,  whereas the transition between patterns (d)  and ( e )  occurs 
suddenly a t  the coverage Cm. 
will be discussed below. 

The following 

3 )  at coverages 

The implications of these pattern changes 

Work Function Change Versus Absolute Cesium Coverage on Tungsten 

Results f rom Two Emitter Tube. - The resul ts  of the W F  variation with 6 
obtained from the two-emitter tube a r e  compared in Figure 8 with the ea r l i e r  
resul ts  of Taylor and Langrnuir3; the l a t t e r ' s  resul ts  have been normalized 
such that the work function minima coincide. 
relative shape between the two curves indicates that corrections to field 

The excellent agreement in  

14 



( 0 )  

Principal planes of the (Oi l )  oriented body centered cubic structure corresponding to (b) 

(b) 

C#J = 4.20 ev 
Clean Molybdenum 

(C) 

C#J = 3.80 ev 

(d 1 
4 = 1.62 ev 

(e 1 
(p = 1.80 ev 

15 

Figure  5. Pr incipal  field emission pat tern changes for  cesium adsorption 
on molybdenum. 



(a) 
Principal planes of the (010) oriented body centered cubic structure corresponding to (b )  

(b) 

4 = 4.52 ev 
Clean Tungsten 

(C) 

$) = 2.84 ev 
c f 0.6 x IOi4 atoms/cmZ 

i d )  + = 1.71 e v  
CT = 1.45 x IOi4 a tomskm2 

( e )  
# = 1.70 ev 

CT = 2.45 x IOi4 atoms/cm2 

Figure 6.  Principal field emission pattern changes for  cesium adsorp-  
tion on tungsten. 
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(a 1 
Principol planes of hexagonal close packed structure corresponding to (b) 

(b) 
4 = 4.85 ev 

Clean Rhenium 

(C 1 
4 = 4.01 ev 

(d l  
#) = 1.59 ev 

(e) 

# = 1.67ev 

Figure 7 .  Principal field emission pattern changes fo r  cesium adsorp 
tion on rhenium. 
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whose atom density a t  the minimum work function has been 
normalized to  agree with the present value of 1. 9 x 1014 atoms 
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emission work functions due to dipole discreteness9 and field induced dipole 
moments lo  a r e  insufficient to cause perceptible deviations from thermionic 
determined work functions. This result  i s  interesting since it suggests that 
even fo r  a highly polarizable adsorbate the contribution to the work function 
by the induced dipole moment t e r m  47r daF , where a is  the ad-atom polariza- 
bility, is negligible. 
detail in  a following section, "Discussion of Results. 

gm for  cesium on tungsten. Using thermionic methods Becke r l l  reported a 
value of 3 . 8  x 1014 atorns/cmZ while Langmuir3 reported 3.2 x 1014 which 
he adjusted to 2 . 4  x 1014 by assuming a surface roughness factor of 1.34. 
The value of dm determined by this investigation is 1.9 x 1014 which is sub- 
stantially lower than previously. reported values. 
al agreement between our resul ts  and Langmuir's it seems likely that the 
discrepancies in dm a r e  attributable to uncertainties in  surface roughness 
ra ther  than to fundamental differences between thermionic and field emission 
techniques. 
smooth, not only in  the emitting region, but also along the shank as deter-  
mined by electron micrographs of this region; i t  is therefore unlikely that 
e r r o r s  in bcould occur in  this work because of excessive surface roughness 
of the emit ters .  

The implications of this will be discussed in greater 

Some disagreement exists in the l i terature regarding the exact value of 

In view of the good function- 

The single c rys ta l  emitters used in this study were atomically 

Results from Probe Tube.- The results of the probe tube measurements of 
It aloo vs d a r e  given in Figure 9 along with the corresponding gaV vs  bcurve.  

should be emphasized that the dvalues a r e  obtained by assuming uniform coverage 
over the emitting area and that local variations in Gcannot be directly determined, 
but only implied. 

One of the interesting features of the preliminary resul ts  of this study is the 
indication that the slope of the Qloo curve is less than the slope of the a,, curve 
at 6= 0 .  This i s  in  agreement with observed pattern changes a t  very low cover- 
age which a r e  confined to the (110) region. Since the work function of the clean 
(110) plane is6 6.0 e v ,  and since the average work function is weighted toward 
the (110) region (see Figure 6) at low coverages,  it follows that the Olio vs 6 
curve should have a slope which is appreciably greater than average at low 
coverages. 
should extrapolate smoothly to 6= 0 without the occurrence of discontinuities 
o r  points of inflections, then it follows from the existing data that some hori-  
zontal shifting to the left of the curve for the (100) plane (and probably to the 
right for the (110) plane curve,  when it is  measured) w i l l  be necessary a t leas t  
in  the low coverage region; this, in turn,  implies from the respective directions 
of shift that in  all probability the cesium coverage on the (100) plane i s  some- 
what l e s s  than average, while the coverage on the (110) plane i s  grea te r  than 
average. 

If one assumes that the low coverage par t  of the 8 vs dcu rves  

It should also be mentioned that in  addition to non-uniformities i n  the cov- 
erage distribution, variations in  the ad-atom dipole moment p with c rys ta l  plane 
may also occur.  Although the la t ter  variations should not a pr ior i  lead to dis-  
continuities in  the 8 - (Trelationships, it is interesting to note that such varia- 
tions a r e  in  the direction suggested by the present data. 
expects cesium adsorbed on the (100) plane to possess a smaller dipole 
moment per ad-atom than it would on the (110) plane for the following 

F o r  example, one 
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Figure 9. Average work function and work function of the (100) plane as  
functions of cesium adsorbed on tungsten. Work function of 
(100) plane obtained from probe tube. 
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reasons:  1 )  the surface electric fields due to electron spillover which leads to 
induced dipole moments on the ad-atom a r e  smaller  on the (100) than on the 
(110) plane, 2) i f  ionic adsorption occurs at low coverages, it would be more  apt 
to occur on the high work function (110) rather than (100) planes, and 3)  the more  
open s t ructure  of the (100) plane allows the ad-atom to seat  fur ther  into the 
lattice than on the close packed (110) plane and thereby reduces the effective 
dipole moment of the ad-atom. 

both d a n d  p become uniform over the emitting surface which is in agreement 
with the merging of the 8,, and the 8100 curves of Figure 9. 

We will show in succeeding discussion that f o r 6 > d m  it is likely that 

Effect of Oxygen 

It has been known for some time that oxygen greatly affects the ad- 
1 sorption character is t ics  of cesium on tungsten. l 1  We have shown previously 

that various amounts of underlying chemisorbed oxygen greatly a l te rs  the r e -  
lationships between 8 a n d 6 .  To summarize, it was found that both the mini- 
mum work function gm and the coverage 4, at which (lm occurred decreased 
with increasing amounts of underlying chemisorbed oxygen. 
certainties in the equilibration of the successive cesium doses (not fully 
appreciated ear l ie r ) ,  
with various amounts of underlying oxygen. The results of the effect of chemi- 
sorbed oxygen on the 8 - 6 relationships a r e  shown in Figure 10, and the 
principle pattern changes a r e  shown i n  Figure 11. It is observed that the 
functional relationships of the - dcurves  remain unchanged, although a 
decrease in both (dm and Gm occurs with increasing oxygen coverage. 
pr imary alteration of the pattern changes f rom that of clean tungsten ( see  
Figure 6) is the enhanced emission from the {l l2)  planes and diminished 
emission f rom the {110) planes for 6< Cm. 
emission distribution is obtained a s  before regardless  of the amount of under- 
lying oxygen. 
obtained for cesium and oxygen co-adsorption on molybdenum; for  the Cs-0- 
Mo system, a value of 8, a s  low a s  1.0 ev has been measured, slightly 
lower than that obtained for the Cs-0-W system. 

Because of un- 

a few of the 0 - 6 relationships were  redetermined 

The 

F o r  67 Cm the clean tungsten 

Similar pattern changes and work function changes have been 

It is  interesting to note the large shift in dm and profound pattern changes 
caused by a very small  amount of chemisorbed oxygen as shown in curve (b) 
of Figure 10. 
dipole moment of the adsorption complex, and it appears to be most sucessful 
in doing so on the (1 121 rather  than the ill4 planes. 

As mentioned previously , the irreversibil i ty of work function and 
pattern changes with respect to cesium adsorption above 700°K is at t r ib-  
uted to a transition of the chemisorbed oxygen to incipient oxide formation, 
which obviously adds a degree of complexity to the interpretation of the r e -  
sults in the higher temperature range. 
emission distribution in the low temperature region (i. e. , below 700°K) 
attributes the enhanced work function lowering to those crystallographic 
regions of the surface which a r e  most capable of stabilizing the Cs -0 -M 

Undoubtedly one of the effects of oxygen is to increase the 

1 

The apparent explanation of the 
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(a) (b) 
4 = 5.65 ev 

Oxygen on Clean Tungsten 
4 = 2.27 ev 

( C )  

4 = 1.61 ev 

(d) 
4 = 1.50 ev 

(e 1 
4 = 1.13 ev 

(f 1 
4 = 1.35 ev 

Figure 11. Pr incipal  field emission pattern changes for  cesium adsorption 
on tungsten initially covered with a par t ia l  chemisorbed layer  
of oxygen. Tip orientation same a s  Figure 6.  
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complex (where M refers  to the surface). 
simple geometric considerations of the adsorbate radius and substrate 
lattice constant (assuming hard spheres in each case) show the Q l O ]  and 
{112] planes to contain the highest site densities for cesium, while the {loo] 
planes would have a low site density12. Indeed, this appears to  be the pr i -  
mary  motivating force which controls the emission distribution for cesium 
on clean tungsten for 
cally difficult for the smooth (110) plane of tungsten to stabilize a C s - 0 - W  
complex, whereas such a configuration could be envisaged on the{ 1123 and 
{ 1003 planes, since i t  i s  possible for the oxygen to seat into the empty voids 
on these surfaces without greatly disturbing the over-layer of cesium, 
except through electronic perturbations leading to a higher dipole moment 
per  ad-atom. 

In the case of clean tungsten 

6LCm. On the other hand, it would be geometri-  

The foregoing model can be used to explain why only a relatively 
small  average oxygen concentration i s  necessary to produce the observed 
effects on cesium adsorption, by assuming the oxygen atoms to be prefer-  
entially chemisorbed on the [112]and 11003 regions a t  low average coverages. 
Although experimental evidence for such an assumption i s  not available, 
these s i tes  appear to be most favorable for  oxygen adsorption on the basis 
of possessing the largest  number of nearest neighbor tungsten atoms per  
adsorbed oxygen atom. 

Discussion of Results 

The approach of the measured W F  to that of bulk cesium at,  o r  near,  
the nominal monolayer 6- 
o r  W F ,  a s  observed in this study, has also been observed for other alkali 
and alkaline earth adsorbates and appears to be a general rule. 
in the same coverage region that the W F  approaches the bulk cesium value, 
the emission distribution approaches that of the originally clean substrate 
a s  shown in Figures 5 to 7;  thus, it follows that A@ must be nearly identical 
for  each crystal  plane of the polycrystal-face emitter in the coverage 6z bo. 
If we assume the relation between A@ a n d d i s  according to  the Helmholtz 
equation 

regardless of the underlying substrate structure 
0 

In addition, 

0 = 4 T r 6 p  ( 5 )  

it follows that for A0 to be uniform over the surface, p and c m u s t  not vary 
from plane to plane for 
their  values such that their product i s  the same on all crystal  planes. 

6 x 6 ,  since i t  is unlikely that they could adjust 

The probe tube results suggest a non-uniform coverage distribution 
6-C Cm, whereas we conclude f r o m  the above discussion that a uniform 
coverage distribution exists for 6% <. In previous work’ we have given 
evidence for the occurrence of a change in  state (or  phase) of the adsorbed 
cesium a t  6,. It was pointed out that a cesium coverage distribution con- 
trolled primarily by the variation in  substrate site density f rom plane to 
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plane could account fo r  the observed emission distribution for 6-L Cm. 
In addition, the transition to a uniform coverage distribution for  
was attr ibuted to the onset of long-range order  motivated by increasing 
importance of la teral  interactions in the high coverage phase. 

676, 

It is interesting to note that these same observations appear to apply when 
various amounts of underlying oxygen is present. Thus, the experimentally 
confirmed rule that many metal  adsorbates approach their  bulk work function 
value near  d;; regardless  of the structure and work function of the underlying 
substrate  is evidence in support of the theoretical c o n c l ~ s i o n ~ ~  that the W F  
does not depend on the volume structure of a metallic emit ter ,  but only on the 
s t ructure  of the surface layer. 
adsorbate is sufficient to sc reen  out the electrical  effects of the substrate,  and 
the electronic distribution normal to  the composite surface is the same as if the 
substrate were replaced by a solid piece of adsorbate. 

This,  in  turn,  implies that a monolayer of 

The above suggests that Go, a surface coverage of one monolayer, be 
defined as that surface coverage at which the bulk work function of the metal  
adsorbate is attained. 
of desorption and surface diffusion rates to their  bulk values at 6,) tends to 
support this view, although i t  should be realized that these definitions do not 
allow ascertainment of an  exact value of bo. 

In the case of cesium other evidence’ (e. g . ,  approach 

According to Figure 8,  the bulk work function of cesium is attained at 

It is not c lear  

2 a coverage of approximately 2 . 8  x 1014 a toms/cm 
close to the atom density of the (100) plane of bulk cesium. 
which plane o r  planes the reported work function for  bulk cesium refers  to; 
most likely it is weighted towards the low work function (1 11) and (100) 
planes, ra ther  than the higher work function (110) plane. 

a toms/cm2;  however, it is c lear  from Figure 8 that the monolayer condition 
is reached well before this atom density is attained in the adsorbed cesium 
layer.  The reason for the apparent shift of the monolayer condition to lower 
cesium coverage on addition of underlying chemisorbed oxygen (Figure 10) 
is  not obvious, although the shift may possibly be attributed to an increase in 
the repulsive par t  of the la teral  interactions which, in turn,  lead to an increase 
in the average distance between adsorbed cesium atoms a t  the monolayer 
coverage. 

which is interestingly 

The atom densit 
of the close-packed (110) plane of bulk cesium is approximately 3. 8 x 10 1 1  

It was mentioned ea r l i e r  that the close agreement between field and 
thermionic emission work functions throughout the cesium coverage range 
inferred a negligibly small  contribution by the field-induced work function, 
normally given by 

where a is  the polarizability of the ad-atom and FO is the effective field on 
the ad-atom a t  the equilibrium distance xo f rom the surface of e lectr ic  
neutrality. Using a conservative value of a = 20 A3, one calculates a 20% 
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increase in 8 at LCm due to the field-induced work function change. A change 
of this magnitude should have been observed. 
of change , a more  cri t ical  examination of how AQF enters  into the Fowler- 
Nordheim equation is needed. 

In order to account for the lack 

PV 

The Fowler-Nordheim equation may be written in te rms  of directly measur-  
able parameters ,  applied voltage V and emitted current I ,  a s  

where t(8 ,F) and v(8 ,F) are tabulated functionsI4 taking into account the image 
correction, B is a function of tube geometry only, and b = 6.8  x 10 
in amperes ,  F in v / cm,  and 0 in ev. Equation (7) may also be written a s  

7 when I is 

In- = In (A) - m / V ,  (3 

Equations (7) and (9) may be simplified somewhat by noting that, to  
within 170, v(8 ,F) may be approximated by 

v(8,F)  = 0.943 - 0 . 1 4 6 ~  106 F 
(bz 

over the range of F and 8 covered in cesium adsorption. Relating Fo to the 
applied field F by Fo 
( 6 ) ,  (9 ) ,  and (10) with the assumption that 
be expanded) , we obtain 

= coF , where c = f (  d ,xo) , and combining equations 
c 8 (so that ( 8  t AgF)' I2  can 

5.66 bm 6Q1/2c Q - 0.943b8 3 / 2  
0 

Within the limits of the above approximations the experimental intercept 
In A of the Fowler-Nordheim plot (equation 8) i s  given by 
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It is now possible to obtain an expression for  aco by letting 

A In A = In A - In A s ,  

where In As is the intercept value when 6 and, hence , A8 a r e  zero; the 
resulting expression for aco i s  

] + 
- ( Q  t A@') t t  ( 8  t AgF,F ace - I 

- 0$]- A log A 
. log[ 8 s  t2(8s ,F) 

1.67 x l o 6  B 6 0 ' f L  
' ( i3)  

At small values of 6, the product aco can be determined from equation (13) 

by assuming Q t AgF Z 8 since 0 >  AQ; at  larger  values of 6 (where this 

approximation is less  valid) an iteration method can be used to determine 

correct  values of acO. 

Values of aco calculated by the above method a r e  given in Table I1 and 

Briefly, the polarizing field a t  a distance x, 
show a general decrease with increasing 6. 
has been given elsewhere15. 
(the equilibrium distance of the ad-layer from the surface) - is approximately 

A method for calculating co 

F The expression for A8 given i n  equation (6) i s  the value at  x = &and 
should be multiplied by a factor k(x,  6)  in order  to be valid a t  finite x; this 
factor ranges from 0 to 1 and a r i s e s  from the fact that AQF does not attain 
i t s  ful l  value at finite value of x due to dipole discreteness.  In order  to 
analytically incorporate this effect in  the steps leading to equation (1 1) , 
one must  apply the correction to the electric potential expression in the 
unintegrated tunneling coefficient for  field emission; since t l is  is outside 
the scope of this investigation we have assumed k(x, 6 )  = 1 , which is more  
nearly t rue a t  large values of 6. 
by the factor k(x,  c ) ,  it is possible to combine equations(6) and (14) to obtain 
the following expression for co: 

Multiplying the right side of equation (6) 

Fo = F = c0F.  
1 t 4.rr b a ( E l x o  

It i s  now possible to eliminate co by combining equations (13) and (15) 

a s  a function of dwere determined by a method described 

and obtain values for a which a r e  also given in Table 11. The values for 

($3 elsewhere. xo 15 
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TABLE I1 

Polarizabili t ies of Adsorbed Cesium a s  Determined by Equations (13) and (15) 

dx 1 0 - l ~  
(Atoms /cm 2 ) 

Cs  on W 

A log A 

2.2 
1.64 
1.49 
1.47 
1.48 
1.40 
1.35 
1.05 
0.91 
0.60 
0.41 
0.15 

1.11 
0.87 
0.85 
0.86 
0.54 
0.23 
0.11 
0.22 
0.01 

-0.22 
-0.33 
-0.22 

3 
Qco(A a(A3) 

4.17 5.04 
7.65 9.59 
7.25 8.65 
6.92 8.15 
9.79 12.50 

12.00 15.79 
12.95 17.08 
10.40 11.83 
12.20 13.69 
15.32 16.30 
19.11 19.80 
23.24 23.38 

cX 1 0 - l ~  
(Atoms /cm 2 ) 

2.86 
2.58 
2.28 
2.14 
1.86 
1.60 
1.03 
0.53 
0.20 
0.18 

C s  on Mo 
A log A aco(A3) a(A 3 ) 

0.89 2.45 2.85 
0.70 4.10 5.17 
0.61 6.02 8.14 
0.62 7.00 9.70 
0.42 10.00 14.86 
0.54 9.33 12.21 
0.15 10.68 12.14 

-0.25 15.90 16.90 

-0.23 22.76 22.95 
-0.33 25.19 25.47 

The values of a so calculated a re  close to the gas phase atomic value at low 
coverage and decrease toward values approaching that of the ionic state at high 
coverage. This result  is surprising and generally contrary to contemporary 
qualitative ideas of the bonding state,  since i t  suggests a high degree of ionic 
contribution a t  high, rather than low coverages. It is possible, however , that 
the ionicity of the adsorbed state may not be accurately given by a values so 
determined. F o r  example , i f  metallic (or  atomic) bonding i s  incurred throughout 
most  of the coverage range, it is possible that only at  low coverages where 
la te ra l  interaction i s  negligible that atomic values of Q a r e  realized; as the 
ad-atom density approaches that of bulk cesium, overlap of la te ra l  wave 
functions is large and Q (as measured by an external field) of a surface layer 
with electr ical  s t ructure  of bulk cesium loses its meaning. Before a detailed 
interpretation of these resul ts  is  appropriate , i t  will be necessary to examine 
in greater  detail the validity of the assumptions leading to equations (13) and 
(15) 

In conclusion, it can be stated that two major  problems in relating 
8 vs ddata  obtained from polycrystal-face surfaces to existing theories 
are 1) uncertainties in local variations in 6, and 2) reversa ls  in emission 
distribution s o  that average 8 values of the clean substrate a r e  no longer 
valid in  determining A@. In view of this , one must  exercise caution in re- 
lating much of the existing 8 - lfdata to the several  existing theories .  
However , i f  these points are kept in mind, some interesting resu l t s  
a r e  obtained from a comparison of the data with a suitably applicable 
theory. 

16-18 
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One of the ear l ies t  theories19 explaining the work function minimum 
i s  based on the mutual depolarization of neighboring 
given by the following expression: 

ad-atoms and is 

where a is the polarizability of the ad-atom and p 
at ze ro  coverage. 
ing to the following alternative form of equation 16: 

is the dipole moment 
Figure 12 shows the data of Figure 8 plotted accord- P 

e3/2 - 3 0 1 
- -  2 AQmxir-- 2 

where 8 = 6 and Agm is the maximum work function change. In 

addition, one can obtain expressions for A@, and bm in t e rms  of a and 
po as follows: 

6m 

and 

If the simple depolarization model is valid, according to equation 
(17) the slope and intercept of the plot shown in Figure 12 should be 
4.40 ev  and -0.50 respectively; the measured values of the slope and 
intercept of the segment of straight line determined by the data for 6, Cm 
a r e  4.20 ev and -0.43 respectively which a r e  in reasonable agreement 
with theory.  The c o r r e s  onding values of a and p consistent with equation 
(17) a r e  88.6 x 10-24crn3Pand 12.0 x e . s . u .  respectively. This 
value of a is considerably higher than that suggested above from analysis 
of the Fowler-Nordheim equation in this coverage range; further study 
will be necessary to determine which i s  the cor rec t  analysis of a .  In 
further support of this model it may be argued that the deviation from 
equation (17) noted at 6;, in Figure 12 is expected and due to the 
onset of both non-uniform coverage and a shift in  emission to the high 
work function planes which invalidate A8 values based on the average 
work function of the clean substrate.  

In spite of the above evidence for the simple depolarization model ,  
at least  in the limited coverage region where the coverage is  probably 
uniform and the emission distribution that of the clean substrate ,  it is 
unlikely that one model w i l l  hold over the entire coverage range. F o r  
example,  the classical  depolarization model cannot be expected to hold 
at coverages very near go since the overlap of neighboring ad-atom 
electronic clouds wi l l  require a quantum mechanical analogue. It i s  
apparent that further investigations of work function change, particu- 
la r ly  utilizing probe techniques , will  be necessary to  provide sufficient 
data amenable to detailed theoretical analysis.  
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Figure 12. Work function - cesium atom density data cd Figure 8 plotted 
according to equation 17. 
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EFFECT OF TEMPERATURE ON WORK FUNCTION 

Results on Molybdenum 

Increasing the temperature at  any cesium coverage from 77OK to the 
temperature where thermal desorption begins to occur causes no apprec- 
iable change in the emission distribution. 
over mos t  of the desorption temperature range ( i . e .  , 77OK to 90OoK) the 
adsorbed cesium (at a given coverage) does not greatly alter its coverage 
distribution with temperature; thus, it is unlikely that variations in  0 
with temperature can be attributed to local variations in 6. 

This result  i s  evidence that 

At a fixed cesium coverage, it was found that 0 does decrease with 
increasing temperature.  
on molybdenum at two coverages was determined by analyzing the I-V 
data taken at various temperatures according to the following relation 14 , 
which contains the approximate correction for the Boltzman tail to  the 
F e r m i  distribution in the temperature range employed: 

The temperature dependence of 8 for cesium 

I (T ,F )  = P(T)A F2 exp(-bQ3l2/F) ,  (18) 

where A is a 

in which p is 
im a t e 1 y by 

slowly varying function of 0 and emitting area,  and 

= IT p / s in  IT p ,  (19) 

a complicated function of T , F , and 8 , and is given approx- 

- 3 @1/2 
p = 9 . 3 x  10 T- , 

F 
where T is in degrees K ,  F in v/cm and 8 in  ev.  

The results summarized in Table I11 indicate an approximate value 
for A0/AT of - 1.3 x 10’4ev/0K in the temperature range investigated: 
within the experimental scatter this value appears independent of the 
cesium coverage range investigated. 
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Work Function Change 

d x  1 0 - ~ ~ ( a t o m s / c m  2 )* 

0.24 
0.24 
1.20 
1.25 
1.30 
1.30 

TABLE I11 
AQ with Temperature for Cesium on Molybdenum 

3.49 77-152 -0.012 -1.59 
3.49 77-203 -0 .Ol9 -1.48 
1.96 77-270 -0.029 -1.49 
1.91 77-270 -0.018 -0.86 
1.87 77-162 -0.009 -1.03 
1.87 77-209 -0.019 -1.46 

"Values of (assumed from Figure 8. 

Discussion of Results 

The values of A@/AT a r e  a t  least an  order  of magnitude higher than 
and opposite in sign to the values reported for  clean molybdenum in the 
same temperature range". 
have also been obtained for sodium on tungsten by Bosworth" employ- 
ing contact potential methods. 

Similar resul ts  to those reported here  

Fur ther  evidence that the temperature coefficient of the work 
function is not due to  local variations ind is  given by the fact that below 
160°K cesium is immobile on molybdenum. 
increase in  the ad-atom dipole moment as the pr imary  cause of the 
decreases  in  work function with temperature. 
substantiate this explanation o r  a similar one such as a temperature 
dependent variation of the surface electronic distribution. 
i f  the ad-atoms exist in a polar ground state ( see  Figure 3 of Reference 
22) ,  it is  possible for a slow transition to an ionic state to occur a t  
elevated temperatures ,  thus decreasing the  negative charge about the 
ion. 

Bosworth postulates an 

Our resu l t s  tend to 

For  example, 
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RESULTS OF THERMAL DESORPTION OF CESIUM 
FROM VARIOUS REFRACTORY METALS 

Considerable insight concerning the specific interactions of a par t -  
icular adsorbate-substrate system can be derived from a knowledge of 
the activation energy of desorption of the adsorbate and i t s  variation with 
surface coverage. 
thermal  desorption energy of electrically neutral  cesium with surface 
coverage has been reported for molybdenum , tungsten and rhenium sub- 
s t r a t e s .  
cesium coverage increased with substrate work function and decreased 
monotonically with increasing cesium coverage for each substrate to a 
value slightly below the heat of vaporization of bulk cesium (ca 0.69 ev) .  
It should be pointed out that the kinetic methods used in field emission 
microscopy to obtain activation energies of desorption yield binding 
energy akin to a thermodynamic differential heat of desorption (assum- 
ing no activation energy of adsorption) ra ther  than an integral  heat of 
desorption; this means that the surprisingly low measured values of 
the activation energy of desorption of cesium near monolayer coverage 
does not imply a small binding energy for  a l l  the adsorbed cesium, but 
only for a differential amount of the total coverage. 

In previous work' the resu l t s  of the variation of the 

It w a s  found that the activation energy of desorption a t  zero 

Analysis of the thermal desorption energies of cesium a t  ze ro  
coverage for each of the three substrates indicated the following empir- 
ical  relationship between activation energy of neutral  desorption and 
average substrate work function 0,: 

0 
Ea = 20, - 6.0.  

W e  are currently extending these measurements to platinum substrates in  
order  to tes t  the validity of the above empirical  relationship over the widest 
possible range of substrate work function (4.20 to 5.30 ev) and substrate 
lattice s t ructure  (bcc , hcp and fcc) .  

F r o m  the relationship between the activation energy for ion desorption 
Eo and for neutral  desorption, 

P 
E o = E  0 + V I - Q ,  

P a  

i t  i s  possible to state the empirical  relationship of equation (21) in te rms  
of EO a s  foiiows: 

P 
0 E = 8 - 2 . 1 .  
P S  

A further check of the universality of the empirical  relationship noted in  
equation (21)  and re-expressed in  equation (23) can be made by measure-  
ment of E 
basis of the average work function of clean molybdenum, tungsten and 

0 at  zero cesium coverage for the various substrates .  On the 
P 
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rhenium being 4.20, 4.52 and 4.85 ev respectively,  the values of Eo cal- 
culated f rom equation (23) a r e  2.10, 2.42 and 2.75 ev  also respectively. 
It i s  possible from field emission microscopy to determine E 
coverage range where the relation between the ionization potential VI of 
cesium and the work function @( 6) of the composite surface satisfies the 
condition V - @(a)  S O .  I 
so that ions a r e  collected at the cathode. 

9 
0 in the cesium P 

Normally, the  emitter i s  held a few volts positive 

1 In ear l ie r  work we have also investigated the effect of an underlying 
layer of chemisorbed oxygea on the desorption character is t ics  of cesium 
from tungsten. It was found that oxygen not only lowered the work function 
throughout the coverage range, but also the binding energy at a given work 
function w a s  increased as the amount of chemisorbed oxygen was increased. 
In the present investigation we have extended these studies to an additional 
oxygen coverage to confirm the trends noted ea r l i e r ;  a l so ,  the recent resu l t s  
of 8 vs .  cesium atom density for various amounts of underlying chemisorbed 
oxygen shown in Figure 10 have allowed a qualitative determination of the 
variation of desorption ra tes  with cesium coverage under these conditions. 

Cesium Neutral Desorption 

It was shown ear l ie r  that the activation energy for neutral  cesium de- 
sorption from tungsten, molybdenum and rhenium decreased monotonically 
with increasing coverage to desorption energies slightly l e s s  than the heat of 
vaporization of bulk cesium. In the past we have written the expression for 
the ra te  of desorption -d 6 / d t  in the following form: 

0 
where Ea ( 6 )  is the coverage dependent desorption energy and w a pre- 
ex onential factor which in the past has been observed to decrease from 
lop3 to 10 sec- '  with increasing coverage. However, m o r e  recent 
resul ts  suggest the decrease in  pre-exponeatial factor may be largely due 
to incomplete equilibration of the cesium layer in  the shank region of the 
emitter as  discussed ear l ie r  i n  connection with the measure-  
ment of @ vs.  d .  
small coverage increment near 6= 1.17 x 1014 atoms /cm2 fo r  cesium on 
tungsten where the shank w a s  not completely equilibrated. 
break in  the Arrhenius plot is  indicative of a two step process involving 
different activation energies.  
the two straight line segments are very close to measured desorption 
and diffusion activation energies in  this coverage region. Apparently 
at low temperatures the ra te  of desorption is controlled primarily by 
diffusion into the emitting region of the t ip ,  while a t  higher temperatures 
diffusion paths a r e  sufficiently short  so that thermal desorption is  ra te  
controlling. 
(3) and assuming that the diffusion path y is  l e s s  than 2000 A (approximately 

6 

Figure 13 shows a plot of desorption time vs.  1 /T  for a 

The sharp 

The values of the activation energies of 

This can be m o r e  quantitatively stated by employing equation 
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Figure 13. Desorption t ime t vs 1/T f o r  a small  coverage increment near 

shank was not completely equilibrated. 

6=1.17  x 1014 atoms/cm 2 fo r  cesium on tungsten where the 
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equal to the t ip radius) and using a value of a = 5 A; accordingly a value of 
E: - Ed = 0.58 ev i s  obtained a t  T = 560°K (the point of intersection of the 
two straight lines of Figure 13). Since the difference between the two acti-  
vation energies given in Figure 13 i s  0.54 ev ,  i n  close agreement with that 
calculated by equation (3) ,  i t  i s  apparent that the model i s  correct  and that 
unequilibrated cesium in the shank region of the emitter can complicate the 
measurement  of desorption energies.  

0 

That the problem of incomplete equilibration of the cesium layer can 
al ter  the pre-exponential factor -Y of equation (24) was  confirmed by 
measuring the activation energy for desor tion of cesium from tungsten 
at a coverage of 6= 2.7 x 1014 atoms/cm 
complete equilibration of the cesium layer by excess dosing of the emitter 
followed by a low temperature spread and thermal desorption to the initial 
point of the rate  run. 
of l 0 l 2  sec" was determined. In past work when shank equilibration was 
not established, much lower values of 7 were obtained in this coverage 
region. Figure 14 shows a revised graph of the variation of neutral de- 
sorption energy vs.  coverage for cesium on tungsten based on recent data 
and utilizing the Q - brelat ionship of Figure 8. 
desorption energ 
noted previously{ however, i t  does not go below the heat of vaporization 
of bulk cesium, which i s  0.69 ev. 

e where ca re  was taken to insure 

An activation energy of 0.80 ev and a pre-exponential 

It can be seen that the 
decreases monotonically with increasing coverage a s  

Cesium Ion Desorption 

At very low cesium coverages,  such that 8 (6) > V I '  i t  has been possible 

This 
to utilize the field emission microscope to measure ionic desorption energies 
by applying a negative bias to the pulse field emission viewing voltage. 
has been performed previously for cesium on tungsten', and more  recently 
for cesium on molybdenum,ob'tah-dng values of 2.4 t 0.1  and 2 .2  t 0.1 ev. 
These resul ts  a r e  within experimental e r r o r  of those predictedby the empir- 
ical  relationship between Eo and 8 ,  given in equation (23) and thus confirm 
the relationship at  least for these two substrates.  

- 

P 

If one assumes adsorption i s  totally ionic at the terminal coverage the 
following theoretical expression can be derived 

2 

P 4x 
E = @ , - I + -  e , 

P 

which relates  the ionic adsorption energy to the equilibrium bond distance 
x 
following expression i s  obtained: 

of the adsorbate. Using the cesium ionic radius in equation(25). the P 

Ep = os  - 2.16, 
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which is in  excellent agreement with the empirically determined relation- 
ship of equation ( 2 3 ) .  This result  suggests the generally expected conclusion 
that the bond between cesium and refractory substrates is mainly ionic a t  the 
terminal coverage. However , it must be emphasized that the ionic character 
of the bond a t  low cesium coverage does not necessarily exist at higher de- 
grees  of cesium coverage; in f ac t ,  most of the evidence compiled thus fa r  
suggests that the adsorbed cesium is largely atomic in  nature a t  coverages 
in  excess  of 0.15 monolayer. 

The Effect of Oxygen 

The previously reported studies' of the desorption of cesium from 
tungsten at initial oxygen coverages corresponding to initial work functions 
((low) of 4.62 and 5.65 ev  have been extended to include additional initial 
oxygen coverages corresponding to (low of 4.55 and 5.16 ev.  Variation 
of cesium coverage with temperature (using resul ts  of Figure l o ) ,  s tart ing 
with an  initially cesium-covered tip, was determined for the la t ter  two 
underlying oxygen coverages. The resul ts  shown in  Figure 15 can be 
interpreted as follows: the temperature at a given cesium coverage is 
roughly proportional to the activation energy of desorption; therefore ,  
the curves all show a monotonic decrease in the desorption energy of 
neutral  cesium with increasing coverage. 
resu l t s  is the apparent reversa l  of the magnitudes of the desorption energies 
in the mid-coverage range. F o r  example, at low cesium coverage it appears 
that the substrate with the highest oxygen content binds the cesium most  tightly 
at a given cesium coverage, whereas at high cesium coverages the reverse  is 
t rue .  
900°K (depending on oxygen coverage) the adsorption and desorption of cesium 
from a n  oxygen-covered tungsten substrate,  which had been previously heated 
to approximately 500°K prior  to cesium desorption, is no longer completely 
revers ib le  a s  judged by pattern and work function changes. 
uted to the onset of i r revers ib le  tungsten oxide formation. 

The interesting feature of these 

It should be mentioned , however, that for temperatures above 700 to  

This is at t r ib-  

In one experiment involving thermal desorption of cesium from oxygen- 
covered tungsten (aow = 5.16 ev) , the t ip  was biased so as to allow cesium 
ions to be desorbed; the desorption, which occurred at T = 905OK and an  initial 
cesium coverage of 0.37 x 1014 atorns/cm2, was allowed to proceed to com- 
plete removal of cesium as judged by work function and pattern changes. The 
work function and pattern obtained after complete cesium removal were ident- 
ical  to those obtained from the initial oxygen-covered tungsten surface pr ior  
to cesium deposition. These results and the general revers ibi l i ty  of the 
cesium adsorption at temperatures below which incipient oxide formation 
occurs provide conclusive evidence that cesium can be desorbed in  either 
neutral  o r  ionic form without disturbing the underlying chemisorbed oxygen 
layer .  Thus, i f  a Cs-0-W complex occurs on cer ta in  crystallographic planes 
of the surface the Cs-0 bond is  broken without disturbing the bonding between 
the oxygen and tungsten surface.  
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Utilizing the results of Figure 15 in connection with e.quation (24), it 
was possible to make a rough estimate of the activation energy of neutral  
desorption for various underlying oxygen coverages. 
given in Table IV a t  cesium coverages 6, corresponding to VI - 8 = 0; 
a l so  in a similar fashion estimatesof the desorption energy for ions were 
made. 
Eo - E: should also equal 0. This appears to be approximately t r u e ,  
aghough it must  be remembered that the temperatures involved in the 
latter measurements a r e  all above 700°K and thus in  the region where 
the complicating onset of incipient oxide formation occurs .  

These resul ts  a r e  

According to equation (22) , since VI - 0 = 0 , the difference 

In order  to shed more  light on the specific role  of oxygen in the com- 
plex Cs-0-W system, it was felt that a brief study of the 0-W system 
should be made. 
emission microscopy have been reported 23,24,  this study was brief and 
pr imari ly  devoted to an investigation of the pattern and work function 
changes under various conditions of oxygen concentration and temperature.  
Figure 16 shows the variation of 8 with temperature of an initially heavily 
oxygen-covered tungsten surface.  It can be noted from Figure 16 that a 
temperature in excess of 1800°K is necessary to completely remove the 
adsorbed oxygen and that the measured field emission work function drops 
below that of clean tungsten (4.52 ev) and then approaches i t  from below. 
Figure 17 shows the corresponding change in the field emission pattern 
as  oxygen is thermally desorbed from the tungsten surface.  
ing to note that photo (d) of Figure 17 shows an  emission distribution re- 
markably similar to clean tungsten in spite of the obvious presence of a 
large coverage of oxygen. 

Inasmuch as  extensive studies of this system by field 

It is interest-  

TABLE IV 

Comparison between Cesium Ion and Neutral Desorption Energies from 0-W 

0 
Ep ( e 4  E:(ev) 

x l0-l4(atorns/cm 2 8 ,  (e V) 

4.52 (clean) 
4.55 
5.1 

0.16 
0.13 
0.26 

2.40 2.48 
2.34 2.55 
2.65 2.66 

The apparent reduction of work function below that of clean tungsten 
observed in the high temperature desorption of oxygen is  generally believed 
to be an  art ifact  of the surface due to the formation of oxide build-up; this 
causes a change in the field factor which, by the determination of work 
function from the Fowler-Nordheim equation, manifests itself in an apparent 
decrease in  work function. 
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Figure 16. Work function vs.  heating for 60 second intervals at the indi- 
cated temperatures for oxygen on tungsten. 
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(a) 
Clean Tungsten 

(b) 
8 = 6.10  ev 
T = 130° K 

(4 
8 = 5 . 7 0  ev 
T = 507' K 

( d) 
8 = 5 .37  e v  
T = 591O K 

( e )  
8 = 5 . 2 0  ev 
T = 1 O 1 O o  K 

( f 
e = 5.06 ev 
T = 1294O K 

(g) 
8 = 4 . 6 1  ev 
T = 1 5 1 1 O  K 

(h) 
8 = 4 . 2 7  ev 
T = 1662O K 

(i) 
8 = 4 . 3 3  ev 
T = 1809O K 

Figure 17. Typical f ield emission patterns showing the thermal  desorp-  
tion of oxygen initially deposited on tungsten at  7 7 O  K. These 
pat terns  were  se l ec t ed f rom a sequence of pat terns  that were  
taken af ter  tungsten emitter had been heated to successively 
higher temperatures  for  60 second periods.  
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Final ly ,  a comparison of the pattern changes between cesium on 
oxygen-covered tungsten and oxygen on tungsten allows one to determine 
the temperature at which cesium is completely removed from the 0-W 
surface and one is left an oxided tungsten surface.  
photo (g) of Figure 17 and photo (h) of Figure 18 clear ly  indicate the la t ter  
to be completely f ree  of cesium at  1328OK, while st i l l  retaining some 
adsorbed cesium at 1082OK. 

The s imilar i t ies  between 

RESULTS OF SURFACE DIFFUSION OF CESIUM 
ON VARIOUS REFRACTORY METALS 

The surface diffusion studies of cesium on molybdenum, tungsten, and 
rhenium substrates at various initial cesium coverages and with several  
values of applied electr ic  field have been performed and reported prev- 
iously . Such studies a r e  a lso currently being extended to platinum sub- 
s t ra tes .  Interesting information concerning the effect of substrate atomic 
s t ructure  on surface diffusion ra tes  heretofore not available has  been 
obtained by utilizing the unique features of the field emission microscope , 
which allow study of surface diffusion on various crystallographic planes 
of a particular substrate .  
erages activation energies of surface diffusion were large (e .  g. , about 
0.76 e v  on the {loo) regions of tungsten) on the atomically rough planes 
of a particular substrate and small (e. g. , as low as 0 . 3 6  ev  on the {110) 
regions of tungsten) on the atomically smooth planes. 

1 

Briefly,  it was found that at low cesium cov- 

1 It has been reasoned from the experimental resul ts  that two mechan- 
isms of surface migration a r e  operative depending on the coverage range. 
For  example, a t  low degrees of coverage (0-41) migration ra tes  a r e  

and therefore vary with the atomic detail of the surface under consideration. 
On the other hand, at high degrees of coverage ( e > l )  migration occurs at 
lower temperatures and with lower activation energies and is governed by 
second layer cesium migration over a chemisorbed layer , thus making 
this migration mode l e s s  sensitive to the substrate atomic s t ruc ture .  

1 -  g : o v e i  lied b y  t’rre pttziitiiil h i - i  iei s ttiir;:ouuutE:i eu LII  site t~ site I i i i g L Z t i u t l  

1 It was found that the temperature required for migration of a controlled 
amount of cesium over a previously partially covered surface reached a maxi- 
mum when the underlying cesium-covered surface corresponded to the mini- 
mum in work function (see Figure 10) .  
of cesium diffused across  the field emitter by what appeared to be a separation 
into two sharply divided high and low concentration phases when the initial 
coverage of the half-covered t ip exceeded 0.7 monolayer. 

1 Also it was observed that a single dose 

A crude theoretical  model of the adsorbed cesium layer incorporating 
both attractive and repulsive la te ra l  forces  given ear l ie r  indicated the like- 
lihood of a two dimensional phase change o r  transition to a state of long 
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T = 345OK 
8 = 1.351 ev 

(a) 

T = 515OK 
8 = 1.13ev 

(b) 

T = 656OK 
0 = 1.61 ev 

(dl 

T = 732OK 
8 = 2.27 ev 

(4 

T = 963OK 
8 = 3.51 ev 

(f) 

T = 1082OK 
8 = 4.52 ev 

k) 

T = 1328OK 
8 = 4.86 ev 

(h) 

T = 1546OK 
8 = 4.565 ev 

(i) 

Figure 18. Variations in pattern and work function caused by 60 second 
heating of a cesium covered substrate at indicated tempera-  
tures .  
and heated t o  493O K. 

Substrate was initially covered with oxygen ( fiOw=5. 65 ev) 
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range o rde r .  
i n  the field emissionpatterns,  i t  is  now also possible to use the concept of 
a phase change to explain the maximum in the temperature required for 
surface diffusion which occurs  a t  d for the various substrates investi- m gated. The latter will be discussed in the succeeding sections. 

Besides the striking visual evidence of the phase change seen 

Recent Results on Molybdenum 

In order  to ascertain whether the maximum in the temperature for sur -  
face diffusion at dm is due to a maximum in  the activation energy of surface 
diffusion, experiments were conducted to measure  the activation energy for 
complete equilibration of a small dose of cesium with various underlying 
coverages of cesium already present.  
on a molybdenum substrate in three different coverage ranges by f i r s t  equil- 
ibrating the cesium layer a t  the desired coverage and then depositing a small 
dose on one side of the field emitter and measuring the time required to com- 
pletely spread this latter dose at a particular temperature.  The emitter was 
then heated in  order  t o  thermally desorb the excess cesium back to the or ig-  
inal  start ing coverage and the preceeding sequence repeated several  times 
at other temperatures.  
expression 

These experiments were performed 

The data was analyzed according to the following 

2 
Log 'its = L o g y  t E: x 104/1.98T 

DO 

6 
where I 
y (which inthis caseis  about 8000A), and where Do i s  the diffusivity and E:, 
the activation energy in ev. 
various coverage ranges are given in Table V .  

is the time in  seconds required for the cesium to t ravel  a distance 

The constants measured for equation (27) in  the 

TABLE V 

Variation of the Activation Energy and the Diffusivity Constant of 
Surface Diffusion with Cesium Coverage on a Molybdenum Substrate 

0 - 0 . 1  
1 .3  - 1.4  
1 . 9  - 2 . 3  

0.43 + 0.02  -6 .6  + 0.3  
0.43 7 0 . 0 2  - 5 . 2  7 0 . 3  

-5 .9  T 0 . 3  - 0.37 T 0.02 - 

The resul ts  show that the maximum observed ea r l i e r  in the temperature 
for equilibration a t  Cm = 1.9 x 1014 atoms/cm2 is not due to an increase 
i n  the activation energy, but ra ther  to a decrease in  the diffusivity Do. 

__. 
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Discussion of Results 

1 We have previously pictured the adsorbed cesium a s  an imperfect 
two-dimensional gas in the temperature and coverage ranges where sur-  
face diffusion is rapid and thermal desorption is negligible. 
temperature range the emission distribution and , hence, the coverage 
distribution appeared independent of temperature so that work function 
measurements  normally made at 77*K, where cesium is immobile on 
all  substrates studied , reflect accurately the coverage distribution a t  
higher temperatures where mobility is appreciable. In picturing the 
cesium a s  a tw-dimensional gas weassumed the adsorbed cesium to 
be non-localized, i . e . ,  possessing two degrees of translational f ree-  
dom pArallel to the surface. As pointed out by Tompkins” it i s  possible 
for an ad-atom to be localized but still execute la teral  mobility by a ser ies  
of jumps over the finite potential barr ier  separating adjacent s i tes .  
the ad-atoms a r e  localized to a particular site o r  non-localized and possess 
f ree  two-dimensional translation will lead to slightly different equations of 
state of the ad-layer (see reference 26 for a more  complete discussion of 
this) .  

In this 

Whether 

F o r  the purpose of illustrating theoretically the possibility of a phase 
change a t  a cri t ical  coverage and temperature,  we formerly’ used a two- 
dimensional equation of state which resembled a three-dimensional 
van der  Waals equation of state.  Such an equation of state can be de- 
rived simply by first writing the canonical partition function Q for a 
system of N non-localized ad-atoms moving independently in  an a r e a  , 
S , in te rms  of the single particle (microcanonical) partition function 
9 as 

where 

In order  to derive the two-dimensional van der Waals equation of state we 
make two modifications in q, both arising from intermolecular forces.  
F i r s t ,  we assume the ad-atoms to be hard spheres so that the total a r e a  S 
in equation (29) should be replaced by the f r ee  a r e a  Sf available to the N 
ad-atoms which we consider to be 

S f = S o  - s ,  

where So is the total a rea  occupied at the monolayer condition. Second, we 
assume each ad-atom moves independently in a uniform potential field pro- 
vided by the surface interactions and the other ad-atoms , with the latter 
being distributed in a random manner. Therefore , a Boltzman factor , 
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e -w/2kT,  i s  inserted to take ca re  of the intermolecular potential field w in 
which a given ad-atom is moving; the expression for q thus i s  written a s  

The factor two in the exponential is inserted because each pair interaction 
w has  to be shared between two ad-atoms in summing over a l l  pair-wise 
interactions. Recalling from statistical thermodynamics the following 
relation between pressure f (two-dimensional in this case) and Q: 

f = kT(*h,N j 

then from equations ( 2 8 )  to (32) we obtain the following expression for f 

N J w  f = NkT/(So - S )  - - - 
2 ( d s  )N . (33) 

Since S/N = 1 / dand  6/ 6, = 0 e quation (33) may be written in the form 

e2 Go + 0 dokT f =  (34) 

The analogy with the van der Waals equation can be made by noting that the 
So of equation (33) i s  comparable to the co-volume t e r m  in the three- 
dimensional case,  and the las t  term of equation (33) i s  a correction to 
the spreading pressure due to mutual interactions. It is well known that 
the van der  Waals equation of state predicts a f i rs t  order phase change 
by a discontinuity in i t s  f vs S plot; this will be the case in equation (33) 
i f  an attractive force te rm is included in w. 

There a r e  strong reasons to believe that in the temperature and 
coverage range that has been considered in the current investigations 
the proper model of the adsorbed cesium layer is not one of freely 
(i. e .  , non-localized) mobile a toms,  but rather a localized ad-layer 
with rest r ic ted mobility. In this model an ad-atom moves a distance 
y by a ser ies  of hops fromone lattice si te to another, where the t ime 
spent between sites separated by a distance "a" is small compared to 
the total time required. 
of Table V i t  can be shown that the time rs required to travel one lattice 
site distance (assumed to be about 5A) a t  a temperature of 250°K is 
approximately seconds. If on the other handy the ad-atoms be- 
have a s  a freely mobile two-dimensional gas ,  the time required to 
travel the same distance"a"wou1d be 

For  example, from equation (27) and the results 

g 
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where vdis the two dimensional velocit 
At a temperature of 250°K, Tg = 10- 
conditions only 
of the time is attributed to residence time on the si te.  

and M the atomic weight of cesium. 
sec.: thus it i s  clear that under these 

of the total time Ts i s  spent between sites and the res t  

- 1Y 

In view of the highly localized nature of the ad-layer under the existing 

By consider- 
experimental conditions, it would be more proper to use two-dimensional 
lattice gas statistics developed by Hillz6 a s  the correct  model. 
ing N ad-atoms distributed among No s i t e s ,  the expression for the canonical 
partition function for localized adsorption is 

N Q = No! q /N  ! (No - N)!  

In this case q i s  more  properly the single particle partition function of an 
ad-atom possessing three degrees of vibrational freedom rather than two 
degrees of translational and one degree of vibrational freedom perpendicu- 
la r  to the surface as was inferred in equation (28). Equation (36) is valid 
for the case of no interaction between ad-atoms, and in order  to account for 
la teral  interactions i t  i s  necessary to resor t  to approximations. 

Since we a r e  interested only semi-quantitatively in the behavior of the 
ad-layer and how the expected lateral interaction might lead to a phase 
change, we shall employ the Bragg- Williams approximation" for a two- 
dimensional lattice gas with la teral  interactions. 
assumes a random distribution of ad-atoms among the available si tes and 
considers the pair-wise mutual potential energy of nearest  neighbors w1 
in t e r m s  of the average number of nearest neighbors, N l l .  The net result  
i s  the multiplication of equation (36) by a Boltzman te rm giving a partition 
function of the form 

This approximation 

4 

F r o m  the above equation and 'equation (32) the expression for the spreading 
pres  sure  become s 

2 4 & l W 1  
f = - dokT In (1-0) + 8 ' ( ;e  ) N  

(38) 

A functional similari ty can be seen between the foregoing expression for f 
and equation (34) by noting that at low 0 the f i rs t  t e r m  in each case approaches 
0 J0kT. In view of the fact that neither of the two approximate expressions 
for Q can be considered valid for high coverages (i . e . ,  when the condensed 
phase i s  formed),  we conclude that fo r  low degrees of coverage the localized 
and non-localized model lead to similar resultant thermodynamical expressions 

In the past we considered two lateral interaction potential energies 
consisting of a repulsive te rm w r ,  caused by Coulomb repulsion of adjacent 
dipoles, and an attractive t e rm wa ,  involving London o r  dispersion forces.  
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The average repulsive potential energy per pair of ad-atoms obtained" from 
elementary electrostatics by summing over a l l  pair-wise interactions of a 
uniform square a r r a y  of ad-atoms with dipole moment IJ. and site separation 
a i s  

wr = 9 . 0 3  -!L 8 (39) 3 a 

By allowing for mutual depolarization which causes p to vary with 0, the 
complete expression for wr becomes 

where po i s  the dipole moment at zero coverage and a i s  the polarizability 
of the ad-atoms. 
localized to  definite s i tes  with the probability of occupancy equal to 0. 
ad-atoms a r e  considered as non-localized it would then be proper to make 
the substitution 

In the above derivation it is implied that the ad-atoms a r e  
If the 

0 

a 
(5-z - in equation (40). 

It is now possible to show any expected variations in the diffusion 
coefficient due to a two-dimensional phase transformation by writing the 
two-dimensional flux Jd in  t e r m s  of the gradient of the chemical potential 
ps of the adsorbed layer as follows 

and recalling from statist ical  thermodynamics that the relation between the 
chemical potential and the canonical partition function is  

F o r  the purpose of this calculation the localized layer partition function 
e quation (37) will be employed, although it should be emphasized that the 
non-localized layer partition function would lead to the same functional 
relationships at low degrees of coverage e 

- 
The expression for N l l w l ,  the average interaction energy between 

nearest  neighbors, was evaluated as follows: ( 1 )  a square lattice was 
assumed so that at 0 = 1 each ad-atom has four nearest  neighbors; 
(2) the expression for the van der  Waals attractive interaction w a s  
considered only important for the c1 nearest  neighbors and is written 
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a s  

where the factor clN8/2 is the average number of nearest  neighbor pairs  and 
Eb i s  the heat of vaporization of cesium which is divided by 6 in order  to norm- 
alize the latter to a per bond basis; (3) the la teral  energy due to dipole repul- 
sion is a long range interaction and realistically must  include contributions f rom 
both nearest  neighbors and more  distant ad-atoms. 
expression based on a random distribution of ad-atoms in a square lattice and 
for N ad-atoms contributes an interaction te rm of the form 

Equation (40) gives such an 

The sum of equations (43) and (44) gives the total lateral  interaction energy 
Nl1wl which, when combined with equations (37) and (42),  yields the following 
expression for  the chemical potential of the ad-layer a s  a function of 8 and T 

- 

2 2 3  - 81 8 at.+, a - 2 
3 3 3 3 

(45) 
2 3  

8Eb 
- 8 + 9.03 epo a = k T  In - PS 

(1-e)q (a + 9Qe)' (a + 9a8) 

Finally, by differentiating the above expression with respect to x ,  letting 
8 be the variable, and inserting the result into equation (41), we obtain the 
following for Jd 

d d  
dx 

Jd = -DFd(8,T) - , 

where Fd(8, T) i s  a complicated dimensionless function which multiplies the 
diffusion coefficient; thus,  the complete expression for the diffusion coeffic- 
ient i s  

It i s  evident from equation (47) that any discontinuities in the chemical 
potential due to a phase change will show up in the diffusion coefficient a s  a 
variation in the pre-exponential term when the temperature dependency of 
D i s  examined. This does not necessarily rule out concomitant variations 
in E: a s  well, which have been assumed constant throughout. Physically, 
the factor Fd8,T)  can be viewed a s  a sor t  of entropy te rm which a r i s e s  
from the correlation (or long range order) in the migrating ad-layer neces- 
sar i ly  brought about d e n  proceeding from a dilute to a condensed phase. 

The variation of the Fd(8,T)  term with 8 a t  various temperatures is 
3 shown in Fi u re  19 where the followin constants were used: Q = 20A , 

2 e . s . u . ,  = 3.56 x 101'atoms/cm , a = 5A, andE = 0.69 ev. b 
po = 5x10- 1 8  
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Figure 19. Variation of Fd(8, T) (see equation 47) with fractional mono- 
layer coverage at various temperatures. 
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The prediction of a negative diffusion coefficient can be t raced to the attractive 
van der Waal forces  which predominate a t  higher coverages and a r e  responsible 
for the formation of the condensed phase. 
prediction stems f rom the same functional relations that produce the loops in the 
f vs S plots below the cri t ical  temperature and probably would not occur if an 
exact expression for Q could be evaluated. 
Fd(8, T) would still decrease to a minimum a s  8 increases even i f  an exact 
expression for Q were employed. 
unity i s  due (in this model) to statistical repulsion a s  a l l  of the available 
si tes become occupied and, again, would be expected in the case of an exact 
expression for Q. One would also expect an additional short range repulsive 
force (not included in the model) as  8 approaches unity due to core  repulsion. 

The negative diffusion coefficient 

Nonetheless, i t  i s  likely that 

The rapid r ise  in Fd(6, T) a s  8 approaches 

In conclusion, the remarkable similarities between the experimentally 
determined equilibration temperature vs coverage curve (see Figure 10 of 
this report and Figures 4 and 5 of reference 1) and the theoretical predictions 
of the variation of D with 0 a la equation (47) lend further support to the sug- 
gested model of the ad-layer and to the validity of the lateral  interactions 
considered. 
results of this section which show that the maximum in the equilibration 
temperature a t  m i s  due to a variation of the pre-exponential factor of 
equation (47) a s  predicted by the foregoing model. 

Additional experimental support for this view i s  given in the 

THE EFFECT O F  ELECTRIC FIELD ON THE EQUILIBRIUM 
DISTRIBUTION OF CESIUM 

While attempting to measure the effect of temperature on field emission 
work function above 250°K a s  described ear l ier ,  i t  was discovered that a rapid 
change in the cesium coverage a t  the field emission tip occurred which ultimate- 
ly reached an equilibrium value depending on the magnitude of the electric field. 
Inasmuch a s  such a phenomenon might well have an  important bearing on voltage 
breakdown mechanisms, a s  well as  possibly providing further insight into the 
understanding of the behavior of cesium on refractory metal  substrates,  i t  was 
decided to investigate the observed effect in somewhat greater  detail. 

Results on Molybdenum and Tungsten 

It was not initially obvious whether the change in cesium coverage a t  the 
tip was due to the electric field o r  to the emission current through a Notting- 
ham heating mechanism a t  the tip. 
lat ter possibility could be ruled out on the basis of the inability of any apprec- 
iable tip heating to occur a t  the current levels where the effect was noted. 
That the effect was primarily a field effect was established by noting that 
the cesium coverage was altered with the reverse  field a s  well; however, in 
the latter case the effect was reversed, that i s ,  the cesium coverage at  the 
tip increased with increasing field. 

Calculations showed, however, that the 
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The time required to establish a given equilibrium distribution cor res -  
ponded to the approximate times for migration of cesium a distance of the 
order  of several  tip radii. At 300°K the relaxation time, for example, was 
roughly 30 seconds depending on the coverage range under investigation. If 
the heating was continued after the rapid change in the coverage a t  the tip, 

This slow change 
might be caused by the somewhat longer time required fo r  the cesium cov- 
erage in the shank region immediately behind the tip to reach i ts  equilibrium 
value, because of the longer distances involved and the diminished field in 
that region. The effect was completely reversible throughout the range of 
variables investigated; the field could be relaxed and the cesium coverage a t  
the tip would return to i ts  initial coverage with approximately the same time 
constant observed in initially establishing the field-induced coverage distri-  
bution. 
quantitatively, i t  was felt that insufficient time was allowed for rearrange- 
ment of the cesium over the total tip and shank surfaces. 

dt, a relatively slow change in ct occurred with time. 

In some cases  where the initial coverage was not re-established 

On the basis of the above experimental observations, we conclude that 
simultaneous desorption of the adsorbed cesium was not occurring during 
these observations. This can, of course, be justified theoretically inas - 
much a s  the range of variables of field strength, temperature and coverage 
studied were generally well within the region where thermal and field desorp- 
tion were negligible. 

The results obtained to date a r e  shown in Figure 20 and consist of the 
measurement of the coverage ratio a t  the tip to that of the shank a s  a function 
of field strength for molybdenum and tungsten substrates in various coverage 
ranges. The coverage at  the emitter was determined by utilizing the known 
relationships between work function and coverage. The former was meas-  
ured a s  a function of field after time rate of change of the emission current 
-" a n ~ + i ~ ~ ~ 1 a r  r-- ----A field became negligible. The unequal coverage distribution 
was effectively "frozen in" by reducing the temperature to 77OK while the 
electric field remained fixed, since a t  this temperature diffusion is negligible. 
A work function measurement taken a t  77OK yielded the coverage correspon- 
ding to the particular value of electric field, since the field emission current 
change on cooling was small  compared to the total change and could be 
accounted for by the previously mentioned small  temperature effect on work 
function and by the normal thermal enhancement of field emission. Because 
the field is not completely uniform over the entire emitting region of the tip, 
but decreases about 15% with angular separation from the tip apex to  the edge 
of the emitting region, it i s  possible that a slight field-induced concentration 
gradient may be frozen in over the latter region and may al ter  somewhat the 
experimental 8 - 6 relationships used to determine tip coverage. However, 
in view of the smallness of the field variation over the emitting region i t  is 
unlikely that this effect i s  large, particularly so since i t  was not obvious 
from the field emission patterns that an excessive concentration gradient was 
formed over the emitting region by the field effect. 

53 



A cs on MO, a; = 0.09~1014atoms/cm2 

0 Cs on W, C& = 0.37 Xld40toms/cm2 

0 cs on w, q = I.OOX10'4 atoms/cd 

TEMPERATURE 300° K 

-30 -20 -10 

Figure 20. Variation of the ratio of cesium coverage at the emitter tip 
6 and shank 6 with applied field F. 

t S 
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The coverage on the zero field region of the shank, gS, should not be 
altered by the change in coverage at  the tip be ause of the large ratio of the 
former to the latter which i s  of theorder of 10 . Therefore,  we assumed 
that the coverage in the near zero field region of the shank was unchanged 
when the shank and tip regions were completely equilibrated for a given 
field in  the emitting region of the tip. 

% 

The limits of the range of field strengths accessible to this study a r e  
limited by excessive field emission on the negative side and field desorp- 
tion on the positive side. 
the onset of excessive thermal desorption a t  the particular coverage range 
under consideration. The high field limits for the positive fields shown in 
Figure 20 were carr ied out to the point where field desorption became 
apparent. Fortunately, the onset of field desorption i s  quite rapid and 
can be determined easily since it quickly leads to a runaway process 
until the entire high field region of the tip is free  of cesium; the reason 
for this will  be discussed in a la ter  section. 

The upper limit of temperature is dictated by 

Finally, it should be mentioned that a t  temperatures where the cesium 
layer was immobile ( i . e . ,  temperatures below 200°K) no effect of field on 
the cesium coverage was observed. Also,  when pulsed fields of low duty 
factor (<  10- ) a r e  applied, no change in the cesium distribution was 
observed throughout the entire temperature range of cesium adsorption 
and de sorption. 

4 

Discussion of Results 

The results of the effect of f ie ld  on the cesium coverage clearly indi- 
cated the process to be thermodynamically motivated and kinetically con- 
trolled by the rate of surface migration. 
apparently a l te rs  the chemical potential in the high field region while not 
affecting the chemical potential in the zero field region on the shank. 
thermodynamic equilibrium requires equal chemical potential in both the 
high and zero field regions of the emitter,  the surface concentration of 
cesium re-arranges until the thermodynamic imbalance i s  removed. 
These considerations can be expressed more  quantitatively by postulat- 
ing the following f i rs t  order  interactions between the applied field and 
the cesium layer: 
of the ad-atom contributes a t e r m  t p F  to the potential energy of the ad-atom 
depending on the relative sign of the dipole moment and field; ( 2 )  the applied 
field can induce an additional dipole moment on the polarizable ad-atom and 
contributes an additional t e rm 
potential energy, wF, of an ad-atom due to the high field i s  

The application of a field 

Since 

(1) the interaction between the field and dipole moment 

$- F 2 .  Thus, the contribution to the 

a 2  - F  WF = -  - 2  (48) 

In order  to determine the relation between the change in cesium coverage 
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with field we use equation (45) as the expression for the chemical potential 
of the ad-layer and add equation (48) to the chemical potential expression 
for the high field region of the tip. For equilibrium to exist within the ad- 
layer between the high and zero field regions the chemical potentials mus t  
be equal; this then leads to the following relation between the coverage in  
the high field region, 6, and the zero field region, G :  

where E:( 5) and E:( 6,) should be approximately equal to the coverage de- 
pendent zero field desorption activation energies. 
fur ther  simplified by noting that over most  of the field and coverage range 

2 investigated, the K F 

t e r m s  of equation (49 ) .  

Equation (49) can be 

t e rm can be neglected when compared with other 
2 

The validity of the above model can be tested by letting AE = Eo(6)-Eg( 6,)  
r 4 

and plotting the data of Figure 20 in  the form kT In 

L the slope of the resulting straight line yields a value for p. 
the data plotted in  this fashion for  cesium on tungsten, using the E:( 6 )  data of 
Figure 14; reasonably 
p of 3.7 and 4 . 3  x 10-l' esu were determined at cesium coverages of 1 . O O  and 

Figure d1  shows 

ood straight lines a r e  obtained from which values for  

0.37 x 1014 atoms/cm2 

investigated AE >> kT In 

Throughout the field and coverage range 

so that the values of p hinge crit ically 

0 on the accuracy of Ea(6) data. Values of p determined a t  these coverages by the 
Helmholtz equation a r e  generally a factor of 2 greater  than those determined by 
the field effect. 
weighting factors a r e  different,  the order of magnitude agreement between the 
p -;a?ues determized by the  twc? ~l?ethni ls  lends support for the  mechanism sug- 
gested by equation (49) .  

Since both methods of determining p involve averages whose 

The reason for the much smaller field effect at the higher cesium coverage 
as shown in Figure 20 is probably due to a decrease in average p with increas-  
ing dwhich stems from the larger  contribution of mutual depolarization effects 
a t  higher coverage. 
moments would be expected to show an appreciable variation of the equilibrium 
coverage with applied field. 

Thus, only mobile adsorbates exhibiting large dipole 

EFFECT OF FIELD ON THERMAL DESORPTION 

Increasing the value of negative applied field from 6 . 0  to 13.0 Mv/cm 
causes a decrease in  the activation energy of desorption E: of neutral  ces -  
ium from tungsten at zero coverage from 2 . 9 5  to  2 . 8 6  ev  which is almost 
within experimental e r r o r .  Assuming p = 10 x esu at low coverage, 
one would predict a decrease in  EF of 0 .1  ev  due to the p F  interaction in  a 
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Figure 21. Data of Figure 20 plotted according to equation 49. 
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agreement ~ t h  the direction and magnitude of the observed change. 

The effect of positive field on thermal desorption (better known as 
field desorption) has been investigated for a variety of systems 28,15 
including cesium on tungsten at low coverage29 , and recently treated 
theoretically" for various types of adsorption. We have car r ied  out 
such a study f o r  cesium on tungsten semi-quantitatively over the coverage 
range 0 to 1 monolayer and quantitatively at high coverages (i. e .  , 
6= 2.9 x 1014 atoms/cm 2 ) .  

Results on Tungsten 

Including only the reduction of the Schottky saddle for desorption of 
ions and neglecting all other field interactions, it can be deduced from 
Figure 22 that the variation of desorption energy EF of a singly charged 
ion t e  with positive field is P 

E F o  = E a t V I - O - e  3 / 2 F  1 / 2  Y 

P 
0 where Ea is the zero field desorption energy for  neutral  atoms. 

constant k for field desorption is therefore given by 
The rate  

P 
F 

P P 
k = p s  exp(-E /kT) , 

where D is  the usual frequency factor and s is  a complicated function involv- 
ing transition probabilities and /or  entropy effects. 

The changes in  the  field emission pattern during cesium desorption from 
a partially covered (100) oriented tungsten emitter shown in  Figure 23 indi- 
cate that desorption occurs successively from planes with locally decreasing 
0; this means variation in 0 from plane-to-plane override variations in  E: 
in equation (50) in  determining the local activation energies and hence r a t e s  
of field desorption. Also, the selectiveness of removal indicates that de- 
sorption occurs from an immobile cesium layer under these conditions. 

Figure 24 gives the fields required to initiate desorption over a range 
of cesium coverages. The maximum in desorption field occurs  near the 
work function minimum in agreement with equation (50) provided that the 
decrease in  0 with dis larger  than the combined decrease in  E): and other 
omitted t e rms  in equation (50). In general, the known variations of Ea 
and 0 with Gconfirm these explanations. On the other hand, the relatively 

cannot be explained by changes in 8 and Ea alone, but mus t  involve signifi- 
cant contributions from other t e r m s ,  since comp nsating changes occur in  
8 and Ea in  this coverage range. 
in this coverage range was attempted by analyzing the temperature de- 
pendence of the ra tes  of field desorption according to equation (51). 

0 

large change in desorption field between 1.20 and 1.35 x 1014 atoms/cm 2 
0 

0 5 Evaluation of E as a function of field 
P 
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Figure 23. Progress ive  pattern changes during field desorption at a cesium 
coverage of 0. 7 x 1014 atoms / cmZ ( 8  = 2.70 ev) on a (100) 
oriented tungsten substrate a t  113O K and desorbing field of 41 
Mv/cm. Photo (a) taken at t = O  

60 



60 I\ 

IO - 

I I 1 I 1 I I 

5.5 

5.0 

4.5 

4.0 

A > 
5.5 22 

0 
z 
k 
0 z 

5.0 2 

e 
Y a 

2.5 

2.0 

1.5 

Figure 24. Field F for onset of ionic desorption at approximately looo K 
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Such measurements  were unsuccessful because of a rapid regenerative increase 
in the field desorption rates  causing the coverage to change nearly instantan- 
eously to zero ,  thus making rate studies extremely difficult and perhaps 
impossible. 
sion distribution and rapid local increase in 8 with decreasing 6throughout this 
coverage range. Thus, as can be seen in F i g u r e  23(a), measurements of cov- 
erage change that rely on variations in pattern o r  field emission current  sample 
changes occurring first on the emitting (1 10) and (1 121 planes. This can be il- 
lustrated by the pattern sequence in Figure 23, which w a s  obtained in the low 
coverage extreme of the region under consideration and where i t  was possible 
to terminate the field desorption process before it proceeded to  complete 
cesium removal. 
occurs f i r s t ,  does so with no perceptible change in total emission current .  
At somewhat higher coverages the relative emission from the (100) and <J1€] 
regions is too low to give even pattern information, so that considerable 
undetected field desorption occurs from these regions before the strongly 
emitting (and hence, low work function) {110) and i l l 2 1  planes a r e  suddenly 
field desorbed to completion. 

This difficulty is  probably related to the highly reversed emis- 

The desorption of cesium from the (100) plane, which 

2 For  cesium coverages in excess of 1.9 x 1014 atoms/cm (the coverage 
corresponding to the work function minimum) the rate of field desorption 
decreases  with decreasing coverage due primarily to the reversa l  in the 
dependence of 8 on 6 ,  thus making it poss ib l e  to  measure  EF as a function 
of F .  Such measurements were arr ied out in the coverage and work 
function interval 2.9to 2.7 x 10 atoms /cm2 and 1.81 to 1.78 ev respect-  
ively. 
cm ) of the (100) plane of bulk cesium and,  therefore ,  should be considered 
close to monolayer coverage. 
to the initial and final coverages over which the desorption rates were 
measured a r e  shown in Figure 25 and indicate field desorption to occur 
primarily from the higher work functionC110) regions of the emitter in 
accordance with equation (50) i f  the anisotropies in 8 exceed those of E:. 

P 
1 t  

This coverage interval brackets the atom density (2.73 x 1014 atoms/  
2 

The field emission patterns corresponding 

The results obtained a r e  given in Table VI and show a general decrease 
F 
P in E with increasing F ,  although the trend is  not monotonic. It is  interesting 

to note that the decrease in log 2 s with increasing field, noted in  previous 
field de sorption studies involving other adsorbates 28 ,  15, and also for  cesium 
on tungsten at  low coverages29, was not observed in  the high coverage resul ts  
reported he re .  In order  to eliminate the possibility of complicated effects on 
the pre-exponential factor of equation (51) due to field desorption from a 
mobile layer 2 8 9 3 0 ,  the measurements were confined to a field and tempera- 
ture  range such that field desorption occurred from an effectively immobile 
layer .  It can be concluded from the normal and constant log ZJ s values over 
the investigated field range that the transition from the ground adsorbed state 
to the ionic state at xc (see Figure 22) i s  rapid and not altered by field. 
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(a 1 
Initial point 
8 = 1.81 e v  

(b) 
Final point 
9 = 1.78 ev 

Figure 25. Pa t te rns  and work functions of the initial and final points used 
in  determining the variation of de sorption energy with field. 
Initial and f i n a l  cesium coverages are 2 . 9  and 2 .7  x 1014 atoms 
/cm2 respectively. 
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TABLE VI 

F 
P Variation of E and Logu  s with F in the Coverage Range 
6= 2.9 to 2.7 x 1014 atorns/cm 2 

F(Mv/ cm) EF(ev) T(OK) 

252-27 6 

135- 145 

128- 141 

125- 135 

121-133 

116- 130 

116-127 

117- 125 

114-123 

111-119 

106-115 

103-110 

100- 107 

95-101 

12.68 t 0.41 - 0.791 t 0.021 - -- -  

30.9 

33.9 

35.9 

37.9 

39.9 

39.9 

42.9 

42.9 

46.2 

48.9 

52.9 

55.9 

58.9 

0.507 t 0.014 - 15.83 t 0.49 - 

0.455 t 0.016 - 14.45 t 0.63 - 

12.58 t 0.42 - 0.386 + 0.018 - 

0.323 t 0.021 - 10.47 t 0.83 - 

0.332 + 0.015 - 11.03 t 0.62 - 

0.362 t 0.013 - 12.62 t 0.54 - 

0.393 t 0.031 - 14.46 t 0.60 - 

0.366 + 0.013 - 13.26 + 0.56 - 

0.371 t 0.013 - 13.87 t 0.55 - 

0.325 + 0,011 - 12.51 t 0.50 - 

0.326 + 0.014 - 13.08 + 0.67 - 

0.291 t 0.021 - 11.90 t 1.02 - 

0.287 t 0.021 - 12.58 t 1.05 - 

Discussion of Results 

According to the simplified model depicted in Figure 22 and the con- 
siderations leading to equation (50), the position of the Schottky saddle is 
given by 

and i s  approximately 2.4 A a t  the highest field investigated. 
l ess  than the atomic radius of cesium, i t  is unlikely that the expression fo r  

Since this is 
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xs is valid and suggests that more  detailed field interactions must  be con- 
sidered. 
(50) with the inclusion of a pF  and-(Qa - ai)F t e r m ,  

Least squares analysis of the data of Table VI according to equation 
1 2 
2 

1 2 3/2F1/2 + IdF i- -(a - ai)F 
F 
P I 2 a  

E = E ; ~ V  - @ - e  (53) 

where aa and 
l8 esu ,  65 A3, to values for p, Q~ - Qi, and Ea t VI - 0 ,  which a r e  1.14 x 10- 

and 2.32 ev  respectively. 
shown i n  Figure 26; equation (50) is  also plotted showing its failure to f i t  the 
data. 
and 0 values is 2.25 ev; the IJ. and a values a r e  reasonable i f  a polarizable 
atomic ( i .e .  , quasi-metallic) ground stateZ2 is  assumed.  

a r e  the polarizabilities of the atomic andionic s ta tes ,  leads 
0 

The resultant f i t  of equation (53) to the data is  

The calculated value for E: t VI - 8 t e r m  based on the measured  E: 

22 A m o r e  comprehensive investigation of the theory of field desorption 
shows that additional F and x dependent t e rms  should be considered; in summary 
they a r e :  2) inclusion of a field-induced work 
function change AQF = 4~r  ~ Q F  evaluated at xc; 3) derivation of effective fields for 
the t e r m s  involving F; 4) an  additional t e r m  correcting for the polarization of 
the ad-layer by the ion formed a t  xc. Inclusion of these corrections in  equation 
(50) leads to the following: 

1) evaluation of Ocrather than @@; 

C 

2 2  
12.5aae xs - eFsxs - F F 

P 
E =E: + vI-gC t A@, t po t aa F' - ai  2 e2 

0 y F s - -  9 

4xs (YL + 2 

where y is the la teral  distance between ad-atoms and the subscripts 0 ,  c ,  and 
s re fer  to distances from the  surface noted in  Figure 22. 
method of calculation of these te rms  a r e  given in  reference 22 where the ad- 
atom is treated as a polarizable point dipole. Equation (54) was solved for 
xs (the position of the Schottky saddle) by assuming x 
following values for the various constants: a, = 50 Af, ai = 3 A3, 
p = 2.8 x 10-l8esu (determined from p = A 0 / 4 ~ r  6), and xo = 2.6 A (bulk atomic 
radius).  The values of xs consistent with the respective EF and F a r e  given in  
Figure 26 and yield xs values considerably la rger  than those evaluated by equation 
(52) which decrease with increasing field. Throughout the field range covered, 
the A#c t e r m  is the predominate polarization correction due to the large value 
of Q .  

of xs = 9.8 A at the highest field in  contrast to the unlikely value of 2.4 A with 
the omission of such corrections.  Thus, it appears  appropriate to depict 
adsorbed cesium (at t h i s  coverage) in a polarizable (quasi-metallic) ground 
state at xo, with a transition to an  ionic state at x>xc in  the presence of a 
field. 

The origin and 

N = xs and employing the 

P 

F 

Inclusion of the polarization and field-dipole interactions yields a value 

It should be emphasized that picturing an adsorbed metall ic layer as  
discrete  par t ic les ,  so that one may  speak of atomistic properties such a s  
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Q and p, i s  somewhat approximate. 
separations approximating bulk value so that overlap of wave functions 
between ad-atoms becomes appreciable. In such cases  the field desorption 
mechanism must approach that of field evaporation from the bulk adsorbate. 
Further  understanding of the proper value of Q to use in equation (54) is also 
important, since it has been seen that various methods of evaluating i t  
(particularly a t  high coverages) lead to widely different results.  

This i s  particularly t rue at  la teral  
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ELECTRICAL BREAKDOWN STUDIES 

The initial studies of the pre-breakdown currents between clean and 
cesium-covered tungsten electrodes have been essentially completed and 
preliminary studies of the pre-breakdown currents  between molybdenum 
electrodes have been initiated; the results are reported below. 
a preliminary investigation has  been made of conditions leading into elec- 

In addition, 

t r ica l  breakdown. 

EXPERIMENTAL PROCEDURES 

The experimental tube with tungsten electrodes shown in Figure 27 
1 has been described previously . 

a planar electrode with variable spacing. 
attached t o  the main tube monitors the vacuum conditions inside the tube and 
gives an indication of the type and degree of contamination on the electrode 
surfaces.  
change in  work function on the surface of the field emitter of less  than 1% 
w a s  observed over a period of several  hours .  A rough estimate based on 
this information indicates that the pressure of active gases within the tube 
was l e s s  than t o r r .  

It i s  a diode consisting of a spherical  and 
A small field emission microscope 

Vacuum conditions within this tube were very good since the 

In order  to prevent leakage currents along the glass walls during 
operation of the tube a t  elevated cesium p res su res ,  the l o w e r  par t  of the 
tube w a s  heated to 370°K. An optical microscope was focused in the gap 
in order  to study visible effects ,  and  an oscilloscope was used to monitor 
fluctuations in  current. 

The molybdenum electrode tube, similar in design to the tungsten 
electrode tube has a larger  envelope and a different supporting s t ructure  
for the spherical  electrode. 
a s  a cathode shield to prevent emission from the supporting s t ructure .  
The electrodes a r e  shown in Figure 2 8 .  

There i s  a lso a molybdenum cup that is used 

CURRENT -VOLTAGE MEASUREMENTS 
. I  

Stable P r e  -Breakdown Cur rents  

Pre-breakdown gap currents between clean and cesium-coated tungsten 
electrodes were measured during the present and preceding contracts as 
functions of the following parameters: electrode gap spacings from 1.5 to 
10.0 mils, surface work functions from 1 . 2  to 5.1 ev  (depending upon the 
amount of cesium and/or oxygen on the surface) , ultrahigh vacuum (pressures  
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Figure 27. Electr ical  breakdown study tube with variable spacing elec- 
trodes: A, field emission microscope; B, cesium ampule; 
C, heatable section of in-seal; D, spherical electrode; E, 
plane electrode; F, stainless steel  bellows. 
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wire 

wire 

Figure 28. Electrodes i n  molybdenum electr ical  breakdown tube showing 
molybdenum cup used a s  cathode shield and enlarged envelope. 
Other par ts  of the tube a r e  the same a s  those shown inFigure  27. 
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l e s s  than 10-l' t o r r )  and ambient cesium pressures  up to 2 . 0  x 
temperatures of the clean substrate between 293OK and 1000°K, both polar- 
i t ies of electric field, and various degrees of surface roughness. 
the pre-breakdown currents between clean molybdenum electrodes were de- 
termined under ultrahigh vacuum conditions fo r  electrode gap spacings from 
1. 0 to 10 mils and for  various degrees of surface roughness. 

t o r r ,  

In addition, 

For  gap currents between 1. 0 x 10-l '  and 5. 0 x amperes,  under 
the conditions mentioned above, the field emission nature of the gap current 
was proven by the linearity of Fowler-Nordheim plots of the gap current and 
gap voltage relationship under a l l  conditions investigated. This linearity is 
i l lustrated in Figure 29 for a cesium pressure of 2. 0 x t o r r  a t  various 
gap spacings and in Figure 30 for both polarities of field a t  a given gap spac- 
ing; s imilar  plots showing the effects of changing other parameters appear 
in previous reports l J  31. 
pre-breakdown gap current primarily through the changes caused in the 
work function of the electrode surfaces, a s  shown in Figure 10. 
of increasing the cesium vapor pressure within the gap i s  to increase the 
cesium coverage on the electrodes for a given temperature; for a cesium 
vapor pressure  of 2. 0 x 
cesium coverage is greater  than 1 monolayer. Our data indicate that for 
gap spacings investigated here ,  which a r e  very much less  than the mean 
free path of electrons in the cesium gas, the cesium pressure,  over the 
range investigated, affects the pre-breakdown gap currents only through the 
changes in work function that it causes. At higher cesium pressures ,  higher 
gap currents ,  o r  long gap spacings, other mechanisms may become impor- 
tant and will be investigated. 

Adsorption of cesium and/or oxygen affects the 

The effect 

t o r r  with electrodes a t  room temperature the 

In determining degrees of surface roughness, it i s  expedient to  define 
an enhancement factor y a s  the rario of eieciriL field I" at the tip of SGITX 

protrusion on the surface to the average field Fa, on the supporting elec- 
trode, y = F/F ; i t  is essentially that factor by which surface roughness 
reduces the maximum voltage which can be sustained by a vacuum gap 
when field emission o r  some other field-dependent process is the limiting 
factor. 
f rom 6 to 340 have been measured depending upon the past history of the 
electrodes. 

aY 

In these experiments a wide range of values of enhancement factor 

There a r e  many ways in which surface roughness may be reduced, 
such a s  polishing, etching, sputtering, heating; however, each of these 
methods must be used with extreme care, since under some circum- 
stances they may also cause roughness. 
that for tungsten protrusions with very sharp tips a t  temperatures below 
the melting point the 
surface migration3', 93. In the absence of applied s t r e s ses  surface 
migration tends to dull the protrusions; however, except by very pro-  
longed heating a t  extremely high temperatues, it i s  difficult to obtain 
radii larger  than a few microns by heating only34. This means that a 

Fo r  example, i t  has been shown 

r imary mechanism causing changes in radii i s  
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0 d = 2.5 mils 
D d 82.0 mils 
0 d = 1.5 mils 

10Vv  (V in volts) 

Figure 29. Fowler-Nordheim plots of I-V data obtained a t  the indicated 
electrode spacings for  an ambient pressure  of 2 x torr .  
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o Spherical Electrode Negative 
B Spherical Electrode Positive 

.48 .52 .56 .60 .64 .68 .7 2 .76 
1 0 V v  (V in volts) 

Figure 30. Fowler-Nordheim plots of I-V data fo r  both polarities of field 
a t  the same gap spacing. 
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reduction in the field enhancement factor due to heating will occur i f  the 
tungsten protrusions have t ip  radi i  less than a micron ,  but that very little change 
will occur if the radii  a r e  la rger  than a few microns.  

In the tungsten electrode experimental tube , enhancement factors  of 
100 on the sphere were lowered to the order  of 10 by heating the sphere 
to a temperature close to 3000OK. The importance of the heating temp- 
erature  can be seen from data taken on both the sphere and the plane 
electrodes after an a r c  had occurred,and presented in  Table VII. The 
sphere could be heated to 3000°K, while the plane could be heated only 
to about 1600°K without causing excessive heating of the tube walls and 
consequent increase in tube pressure;  the sphere had both lower e.nhance- 
ment factors  and larger  emitting radii. 
the Fowler-Nordheim plots of Figure 30 for the two polarities of field 
a r e  just  due to the differences in enhancement factors  on the two electrodes.  

The differences in the shape of 

An example of how heating can increase the enhancement factor was 
observed in operation of the molybdenum electrode tube, which had a 
molybdenum cup shielding the cathode support. (See Figure 28). The 
cup had been machine polished, then electrolytically etched to insure 
minimum roughness. In spite of this ,  very high enhancement factors  
were measured for emitting protrusions on the Mo cup. It has been 
found in  very recent work performed at this l a b ~ r a t o r y ~ ~ t h a t  surfaces 
which have been machine polished, then etched until they are microscop- 
ically smooth, w i l l  roughen when they are heated in  vacuum. 
cause of the roughness i s  the relief of s t r e s s  introduced during the cold 
working of the metal .  A technique that virtually eliminates this rough- 
ness  i s  to machine polish, heat the electrode in vacuum to relieve the 
s t resses  introduced during the cold working , then remove the resulting 
rz lughncss by electrechemical m e ; r n s  
reduce surface roughness in  future experimental tubes.  
experiments, elimination of emission from the Mo cup was achieved by 
decreasing the cathode sphere to anode spacing and by increasing the 
sphere enhancement factor.  It i s  interesting to note that even with 
extremely high enhancement factors  only stable field emission pre  - 
breakdown currents  were measured.  

The apparent 

This technique will be used to 
In the present 

Electrode 

Sphere af ter  a r c  

TABLE VI1 
Geometry Changes Due to Heating 

2 Y Emitting Area (cm ) Apex Radius (cm) 

25.0 1.5 x . 2.2 x 10-6 

Sphere heated to 3000°K 11.0 2.2 10-9 2.7 10-5 
for 10 sec .  

Plane after a r c  20.0 3.65 x 1.1 x 

Plane heated to 1400°K 16.3 5 . 4  x 10-12 1.3 x 10' 
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Unstable Pr e -Breakdown Currents 

When the initial gap current w a s  increased above some cr i t ical  value, 
instabilities were observed in the form of an increase in  current for a 
constant applied voltage under all conditions investigated; these instabili- 
t ies  were found to be related to changes in the geometry. 
reducing the voltage caused the gap to recover slowly to reproduce its 
initial Fowler-Nordheim behavior. 
w a s  placed in se r i e s  with the high voltage power supply, the cur ren t ,  which 
could be monitored wi th  an oscilloscope in  parallel  with the current m e t e r ,  
w a s  found to oscillate with a frequency determined primarily by the geometry 
of the tube and an amplitude dependent upon the dc current level.  The initiat- 
ing current  level for these oscillations was somewhat dependent upon cesium 
coverage, although their frequency was independent of cesium coverage. 

In many cases  , 

If a large res i s tor  (50 to 1000 MA) 

In the tungsten electrode experimental tube a mechanical oscillation of 
the spherical  electrode and i t s  supporting structure w a s  detected visually, 
simultaneously with the cur rent oscillation. To eliminate this mechanical 
oscillation, the supporting s t ructure  for the spherical  electrode in the molyb- 
denum electrode tube was shortened and redesigned for maximum stability. 
In addition, a shield was built to keep electrons from the walls in the lower 
par t  of the tube. 
oscillations, but of a higher frequency, were detected when the current 
reached some cr i t ical  value. An optical microscope focused on the gap 
revealed that the large planar electrode which was presumably well sup- 
ported w a s  moving vertically, causing a variation in gap spacing. 

Although the structure was thought to be stable,  similar 

Since field emission current is an exponential function of the applied 

Investigation revealed that there  w a s  no symmetrical  
field, a slight change in gap spacing causes a relatively large change in 
emission current 
oscillation, but mere ly  a random instability in the current when the ser ies  
res i s tor  was less  than several  megohms, the value depending upon the 
electrode stability within the tube. 
motion w a s  connected with the changing voltage drop across  the res i s tor  
associated with the current change, such a s  follows: As the electrode 
began to move towards gap closure the field at the tip of an emitting 
protrusion w a s  increased, causing an increase in the current  across  the 
res i s tor  sufficient to cause an ohmic drop in  voltage which, in tu rn ,  lowered 
the field enough to allow the electrode to return to its initial position. When 
this happened, the current dropped and the voltage increased enough for the 
procedure to repea t ,  thus leading to an oscillatory motion. With smaller 
values of resistance the voltage drop w a s  insufficient to allow the electrode 
to re lax and the electrode continued to move towards gap closure until an 
a r c  occurred. 

It seems most  likely that the oscillatory 

Although it had previously been assumed' that the magnitude of the force 
due to the electrostatic s t r e s s  between the sphere and the plane were too 
small  to account for  the apparent changes in  p, it can be shown (see  
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Appendix I) that for a slightly non-symmetrical alignment of the spherical  
electrode and its support, the force in  the direction parallel  to the plane is 
large enough to account for the movement of the spherical  electrode in  the 
tungsten experimental tube. 
additional electrostatic s t r e s s  between the planar cathode shield and the 
planar electrode i s  shown to be of sufficient magnitude to account for 
movement of the larger  electrode (see Appendix 11). 

In the molybdenum experimental tube,  the 

It i s  interesting to note the s ize  and apparent stability of the electrodes 
In order  to calculate the in  the molybdenum experimental tube (Figure 28).  

magnitude of the force necessary to move the planar electrode, weights 
w e r e  attached and a spring constant of 41 -/mil was determined for the 
s t ructure .  As the voltage is  increased for  a given value of gap spacing, 
some cr i t ical  amount of movement, roughly a few percent of the initial 
gap spacing, will  occur so that as the gap decreases ,  the stress will in- 
crease and lead to a regenerative process.  At the very narrow gap spacings, 
even a few percent change in  spacing would be optically undetectable although 
the resulting increase in current  of twenty to fifty percent could be shown to  
be related to a geometrical change in tube geometry. 
be exercised when determining whether the geometrical changes indicated by 
the current-voltage relationships are due to localized geometrical changes in 
emitting protrusions o r  whether they a r e  actually due to geometrical changes 
of the gross  surfaces.  
to be indicated. 

Caution should therefore 

Further  study to isolate each of these effects seems 

Maximum Currents Preceding Electr ical  Breakdown 

Despite the difficulty with electrode stability mentioned in  the preceding 
section, i t  w a s  possible to measure  the stable current-voltage character is t ics  
between clean molybdenum electrodes under certain conditions to within an 
order  of magnitude in currenr of rne current ievei at which a11 arc: occurred. 
The maximum current before an a r c  could a l so  be measured,  even though a t  
constant voltage the electrode was moving, and the field at the t ips of emitting 
protrusions w a s  increasing. 
cathode-initiated process ,  the result  of r e s i  tive heating of the tip of an emit- 
ting protrusion, as described by Dyke e t  a1 

The results indicate that the breakdown is a 

3 L 3 7  

If the emitting protrusion is in  the shape of a cone, it can be shown that 
the temperature of the cone wi l l  increase as the current density becomes 
quite high, until the t ip is heated to its melting point. 
current density can be calculated for a cone of known geometry and, for 
a temperature of 3000°K, is  approximately 

This maximum 

Jma, rv = 170- QC , 
r 

(55 1 

where ac i s  the interior half-angle of the emitter cone measured in degrees ,  
and r is  the emitter radius in  cm.  At the gap spacings investigated, a good 
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approximation of the geometry of an emitting protrusion can be obtained 
from the values of the enhancement factor,  y, which i s  related to the field 
a t  an emitting tip in the following way, 

F = y V/d . (56) 

It has been reported ear l ier '  that a value of the enhancement due to a 
spheroidal boss on one of two parallel planes can be derived from the 
resulting potential field and expressed as a function of h / r  where h is 
the height of the protrusion and r is the apex radius.  
out that the field enhancement factor is dependent on the shape of the boss, 
not on i t s  absolute s ize .  A value of r can be found by calculating the effect- 
ive emitting a rea  from the relationship JS = I where S is the effective emit- 
ting a r e a  of the protrusion tip. 
of the half-width of the base of the protrusion H can be determined. 
enhancement factor is high (for example greater than 100) an  approximation 
to the value of the cone angle can be determined by assuming that the shape 
of the protrusion is  almost conical with an interior half-angle ac  = cot- l (h/H).  

It was also pointed 

Knowing the value of r and of h / r  , a value 
If the 

Using the above approximations the maximum current density measured 
under reasonably stable current conditions for a surface whose enhancement 
factor w a s  calculated to be 140 was found to be J = 1.09 x 10 amps/cm2 at 
an enhanced field of 6.9 x 10 For  this emitter a value of Jmax 
w a s  calculated and found to be 3.2 x 10 amps /cm,  which corresponds to a 
maximum current of 6 .5  x amps, a value very close to the final value 
of current  recorded before an a r c  occurred. Similar calculations for sur -  
faces with enhancement factors as high a s  235 offer corroborative evidence 
that the breakdown between clean electrodes can be attributed to a cathode- 
initiated process .  

7 
7 volts /cm.  

7 

TRANSITION RADIATION 

Visible radiation from both clean and cesium-coated electrodes has been 
In each case a small spot of blue light was observed on the anode 

2 
observed. 
when the anode current  density reached a cri t ical  value of about 0 . 1  m a / c m  . 
As the current  was increased by increasing the gross  field, the intensity of 
the radiation increased. Since other workers in the electric+l breakdown field 
have reported similar r a d i a t i ~ n ~ ~ d ~ ,  a brief investigation of the properties 
of this radiation w a s  made.  The radiation was found to have the following 
properties:  (1) it is  plane-polarized in the plane containing the normal to 
the surface being bombarded and the direction of observation; (2) i t  has  a 
continuous spectrum; 
wavelengths , being noticeably most  intense for blue light; (4) i t s  intensity 
increases  with increasing electron energy and current; (5) i t s  intensity is 
independent of the temperature of the electrode surfaces , the pressure  
within the tube to r r ,  and the degree of contamination 
of the anode surface. These features are characterist ic of transition 
radiation, as shown experimentally by Boersch et  d 4 0 ,  and a r e  not 

(3)  its intensity i s  very low except for the shorter 

up to 2 .O x 
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associated with either b remsstrahlung o r  radiation from surface ionization 
o r  heating processes ,  as  had been suggested by others38. 

Transition radiation, described initially by Lilienfeld41 in  19 19,  has 
been treated theoretically in  several  ways. The classical  approach of Frank 
and G i n ~ b u r g ~ ~ ,  and others43, shows that radiation wi l l  occur when a moving 
charged particle , such as an electron , t raverses  a boundary between two 
media of different optical propert ies ,  i n  particular a vacuum-to-metal 
boundary. According to one treatment43 the emission of radiation i s  due 
to a changing dipole field formed by the moving point charge and i t s  images 
in the two media. Using physical arguments, Ferre1144 has described a 
very similar phenomenon which he calls plasma radiation; it is photon 
emission due to the decay of the conduction electron plasma which has 
been excited by fast electron impact. 
have been generalized by Ritchie and Eldridge45 , and others4' , and are 
found to be similar in many respects.  
work i s  the prediction of a peak in the radiation intensity near  the plasma 
frequency of the particular metal .  

These two theoretical interpretations 

The important result  of Fe r re l l ' s  

This result  has been confirmed experi- 
mentally for a number of metals  47 -50 

Under the conditions investigated here  transition radiation does not 
contribute to electrical  breakdown, since i t  is f i r s t  seen at current levels 
well below the unstable current  regionand where the current is stable,  
reproducible, and due to field emission only. Further  evidence of this 
w a s  found in  an experimental tube containing a comb of thirty closely 
spaced field emit ters  bombarding a molybdenum plate from a distance 
of about one centimeter. 
on the anode when the current reached 10- 6 amperes ,  and w a s  st i l l  visible 

a t  5 x 
due to bombardment heating. The linearity of a Fowler-Nordheim plot of 
the current-voltage data over this current range is  shown in Figure 31, 
indicating field emission is  the only electron emission process involved 
and that no significant ion currents were present.  The reproducibility 
of the I-V data tends to nullify the existence of ion currents  o r  changes 
in  geometry due to excessive electrode heating. 

It w a s  found that blue radiation became visible 

amperes  when the whole anode had turned dull red (T = 1320OK) 

Comparison of experimental results with theory offer corroborative 
evidence that the emission of radiation is  not a factor contributing to 
voltage breakdown. F o r  a metal  foil whose thickness i s  infinite compared 
to the wavelength of the emitted radiation, Ritchie and Eldridge45 express  
the number of photons emitted per unit solid angle in the direction from the 
foil normal  specified by the angle 6 , per  unit frequency interval a t  the 
angular frequency a, per  incident electron for the non-relativistic case as:  
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Figure 31. Fowler - Nordheim plot of current  - voltage data f rom clean 
tungsten electrodes. 
tion has  increased in intensity, while the anode has reached a 
temperature of 970° K. 
against a n  inclandescent background (132OOK). 

A represents point where transition radia- 

At C the radiation is still visible 
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€(a) = 

z =  

cos 6 ,  

v/c  with v being the electron velocity, 

complex dielectric constant , 
atomic number,  

and af = fine structure constant. 

This expression shows that the radiation is  plane polarized in the plane 
containing the foil normal and the direction of propagation of the photon. 
To get a qualitative feeling for the physical meaning of this equation we  
separate the dielectric constant into real  and imaginary components 
E = c l  t i c 2  and consider limiting cases .  If e l  = 1 - (w / w ) ~  correspond- 
ing to the case of the f r ee  electron gas,  where w is  t i e  plasma angular 
frequency, and c 2 < (  1 there should be a maximum in the photon intensity 

intensity on either side of this value. 
from a totally reflecting toa totally traasmitting medium. 
phase velocity of the photons within the medium is grea te r  than the 
velocity of light within the medium, and photons leaving the surface will 
be deflected toward the surface normal. 
be certain angles at which no photons will be observed. photons 
a r e  absorbed in the medium and only a relatively small emission can 
occur .  
intensity a t  o r  near the plasma frequency, with a rather rapid decrease 
in intensity for wavelengths either greater or  l e s s  than this value. 
has  been found to be true experimentally for silver foils 
a very high intensity near 3300 A (corresponding to the calculated plasma 

at  their  respective plasma frequencies. 

P 

distribution at the frequency w = o /A with a fairly rapid decrease in 

the 

P At w = o an ideal metal  changes 
P If w>w 

P 

This indicates that there will 
If  oto 

P 

One would expect that there  would be a maximum in photon 

This 
, which show 47,49 

frequency). Similar behavior was found for magnesium5' and aluminum 47 

Since the radiation observed in our experiments can be described by 
equation(57) the maximum number of photons that could be expected to be 
emitted can be calculated. 
of the photons strike the cathode, a value can be obtained for the maximum 
photocurrent due to this radiation. 
constants for tungsten in the short wavelengths ( 
been found. 
similar metal  molybdenum have been obtained in the ultraviolet down to 
2480 A by Waldron and Juenker51 who showed that,  for the ultraviolet 
wavelengths, the optical constants of molybdenum were compatible with 
a free electron model for the metal .  Using the values for the optical 
constants from the data of Waldron and Juenker,  it was found that the 
value of IC1 in equation (57) increases as  h decreases  o r  , conversely 

Assuming the worst possible case ,  that all 

Unfortunately , values for the optical 
cv 
= 1300 A) have not 

However, recent results for the optic& constants of the 



lC12 decreases  a s  w decreases .  Thus i t  appears that the number of emitted 
photons probably increases  as h approaches 2 P' 

Very rough approximations of the maximum number of photons /electron 
were calculated using the theoretically determined value of the plasma wave- 
length for  molybdenum and extrapolating the o t ical  data of Waldron and 
Juenker5'. 
culated for incident electrons of energy 20 kv integrating over all possible 
angles of emission. Letting all the photons strike the cathode, a value for 
the photocurrent can be found using recent results on measurements of 
photocurrent from plane-polarized radiation incident on clean molybdenum 
A maximum photoelectric yield of 1 .O x 10 
for photons at the plasma frequency. The maximum hotocurrent possible 
using the above approximations is 
current  in  the gap is 1 . O  x amperes .  
bound valence electrons and tightly bound cores  follow the f ree  electron 
theory, the r ea l  number of photons would be far less than the calculated 
number.  On the basis of these calculations, it seems very unlikely that 
there is  any enhancement of the current due to the existence of the observed 
radiation. The conclusion of this investigation, based on results of both 
experimental and theoretical evidence, is that emission of transition radi- 
ation is not directly associated with the voltage breakdown process .  

-4i A numerical  value of 1.12 x 10 photons/electron was cal- 

52 . 
electrons/photon was calculated -3 

1 .12  x lO-"arnperes when the 
Since only metals  having loosely 

PROTRUSION GROWTH STUDIFS 

Several investigators have reported observing changes in geometry of 
electrodes in  the presence of high fields and elevated electrode tempera- 
tu res .  
whisker-like projections which were found on copper,  stainless s teel ,  and 
aluminum cathodes. 
sten electrodes after operating for a period of fifteen minutes under conditions 
where the field emission current had become unstable (the actual field at which 
he noted instabilities i s  roughly the same as  that at which instabilities were 
found to occur in  our study), while no such projections could be found on 
electrodes that had only operated under stable field emission current con- 
ditions. 

Little and W h i t n e ~ ~ ~  show electron microscope shadowgraphs of 

T ~ m a s c h k e ~ ~  found similar projections on clean tung- 

Since it has  been shown previously' that instabilities in the1-V 
characterist ics could be related to a change in the geometrical p factor ,  
a cursory investigation has been made in an  attempt to establish the 
conditions under which changes in the micro-geometry of electrode 
surfaces might occur. The experimental tube used was a simple field 
emission microscope in which the tip could be heated in the presence 
of both positive and negative fields. The procedure for positive fields 
w a s  to apply field and temperature fo r  very short  time intervals ,  then 
reverse  the field and observe changes in the room temperature field 
emission pattern. It was found that the pattern sequence initially 
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followed that observed in an ear l ier  study55, in which certain crystallogra- 
phic planes were found to build up, causing the initially smoothly rounded 
field emission ti 

while the tip was heated above 1000°K, small  projections, which appear a s  
small  bright spots in the field emission pattern, were "nucleated" initially 
in the (1003 crystallographic regions. 
temperature and applied voltage , spots appeared in the 11 11) regions , reaching 
an equilibrium condition after sufficient time in which the entire tip was 
covered with spots except for the centers of the{110] planes (see Figure 32. ). 
The time required for the tip to come to this equilibrium condition with a 
positive applied field decreases rapidly a s  either the temperature o r  the 
field is increased. 

to assume a polyhedral form, until the field a t  the tip 
reached about 10 % v/cm. When a positive field of this magnitude was applied 

With increase in time a t  a constant 

Nucleation of projections was accomplished with positive field; nuclea- 
tion with negative fields was not possible because excessive field emission 
a t  negative fields of l o 8  v /cm cause an a r c  and gross  geometrical changes. 
However, when a projection had been formed by application of a positive 
field, i t  could be caused to grow in the presence of negative fields of approx- 
imately 4. 5 x l o 7  v / cm and, in some cases, even a t  room temperature. 

It has been known for some time that surface migration causes changes 
in surface geometry33. 
dx/dt due to surface migration has been derived and confirmed experiment- 
ally for several  refractory meta122;  it i s  approximately 

An expression for the change in protrusion length 

D .-E>/kT 
2 

0 1 - rF st"20 dx/dt = -1.25 

r 3A0 kT St 

where no and A, a r e  the atomic volume and surface atom density, respect- 
ively, Do and E: a r e  the diffusivity constant and activation energy for surface 
migration, St i s  the surface tension of the protrusion material ,  r the radius 
of the protrusion tip, T the temperature, F the applied field, and k i s  Boltz- 
mann's constant. 
and the protrusion's length decreases.  
migration in two ways: 
static s t r e s s  reverses  the direction of migration so that the rotrusion tends 
to lengthen; and (2)  the field reduces the activation energy Epd so that the mi- 
gration rate increases55. 
cathode-initiated electrical breakdown: a t  a cri t ical  field, depending upon 
the protrusion radius, the protrusion begins to lengthen due to surface 
migration of material  toward the protrusion tip; this in turn increases  the 
field, and also the emitted current, for a constant voltage. This process 
would be regenerative and would quickly lead to an a r c  by resistive heating. 

When the field i s  zero , surface tension forces predominate 
Application of an electric field affects 

(1) if the field i s  high enough, the resulting electro- 

This suggests a mechanism that could lead to 

It  should be pointed out that the actual nucleation of protrusions on a 
clean cathode surface a t  room temperature by field alone has not been 
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A 

B 

Figure 32. Field emission patterns indicating the growth of protrusions: 
(A),  init ial  pattern, I = lopa, V = 10kv; ( B ) ,  pattern af ter  
heating a t  1600O K f o r  20 minutes with a positive field of 
140 Mv/cm a t  the emit ter  surface, I = lopa,  V = 3.4 kv. 
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clearly established by our resu l t s ,  although nucleation by sputtering may 
be possible on contaminated surfaces a s  suggested by other work54. 
the other hand, i t  i s  interesting to note that our results suggest protrusion 
growth by field and temperature alone i s  possible on both anode and cathode 
surfaces ,  in accordance with the observations of otherss4. 
proposed field-induced surface migration growth mechanism, i t  is con- 
ceivable that such a mechanism may occur a t  even lower fields and 
temperatures for  cathodes of lower melting metals (e .g . ,  copper, i ron ,  
etc .) and lead to large field enhancement factors and, hence,  field emis- 
sion currents a t  moderate gross  field gradients. 

On 

In view of the 
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SPUTTERING STUDIES B Y  FIELD ION MICROSCOPY 

INTRODUCTION 

Physical sputtering has  attracted increasing interest  in  the las t  few 
years  pr imari ly  for two reasons: (1) only recently have enough consistent 
and reliable data been collected to permit some insight into the mechanisms 
governing sputtering; and (2)  questions and problems involving sputtering 
have a r i s en  in  a number of technical areas  being emphasized at the present 
time. (a) space physics, i n  which sputtering plays 
a role in  such problems as the erosion of electrodes in  electric propulsion 
devices, erosion of rocket nozzles, ion bombardment of missi les  and 
satellites in  the space environment, and the state of the surface of the moon; 
(b) thin film physics in  which sputtering i s  often used in  the formation of 
thin fi lms for electric components and circui ts ;  (c )  high energy physics, 
in  which sputtering i s  one of the mechanisms by which high energy bom- 
bardment causes radiation damage i n  solids; (d) plasma physics, in  which 
sputtering is involved in  the interaction of a plasma with the walls of its 
container; (e) surface physics, in  which sputtering may be used to clean 
and smooth a surface or  to roughen and contaminate it. 

Among these la t ter  a re :  

Despite much recent progress  towards understanding the basic mech- 
anisms involved in  sputtering, there  are  many questions which remain to 
be answered5'. The questions which field ion microscopy may be helpful 
in  answering are those related to individual sputtering events and to damage 
in  refractory metal single crystals ,  because of the ability of the field ion 
microscope to  resolve individual atoms in  some cases .  

Review 

57 

Neglected 
The type of sputtering being considered here  is physical sputtering , 

which may be considered a special form of radiation damage. 
here  i s  chemical (reactive) sputterings8, which i s  confined to certain 
reactive ion and target  mater ia l  combinations and a r i s e s  from the for- 
mation of volatile compounds on the surface. Physical sputtering, on 
the other hand, can result  whenever ions or  atoms of any element bom- 
bard a surface of any mater ia l  with sufficient kinetic energy; target 
mater ia l  i s  "evaporated'l, i. e.  , removed from the target ,  by the impact 
of the bombarding particles.  

The development of an adequate theory of sputtering has  been slow; 
there i s  still  no quant'tative theory which can explain in  detail all experi- 
mental  observation^^^' 57, 59. However, there have been two basically 
different theoretical models that have been proposed to explain sputtering: 
(1) The first i s  based upon vaporization; according to  this model the 
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impinging particle heats the target locally and evaporates target mater ia l  
from the created hot spot. 6o Thus the sputtering ratio , the number of ejected 
par t ic les  per impinging particle,  should depend upon the energy of the incident 
particle , the binding energy of the target par t ic les ,  and the temperature of the 
target  , but not upon the mass ratio of the impinging and target par t ic les ,  nor 
particularly upon the angle at which the impinging particle s t r ikes  the sur face ,  
nor upon the crystalline s t ructure  of the target; neither should the ejected par-  
t ic les  have a preferred direction of emission. 
upon momentum transfer; according to this model the impinging particle under - 
goes an elastic collision with a target  particle , transferring both energy and 
momentum to it. 56,61 Part ic les  may be ejected by the initial impact or by 
subsequent collisions between displaced atoms within the c rys ta l  lattice. 
sputtering ratio for this model should depend not only upon the energy of the 
impinging particle but a lso upon the ratio of the masses  of the impinging and 
target par t ic les ,  upon the crystalline s t ructure  and orientation of the ta rge t ,  
and upon the angle of incidence of the impinging beam. 

(2) The second model is based 

The 

Most experimental resul ts  support the momentum transfer  model; some of 
(1) The sputtering ratio is found to de- the principal resul ts  are the following: 

pend upon the mass ratio of the impinging particle to the target particle 62 . 
(2) The target  particles a r e  ejected preferentially in the nearest  neighbor d i r -  
ections of the lattice 4 11 101 directions in fcc c rys ta l s  and 
bcc c rys ta l s )  57 D63  D 6  . (3) At low primary energies atoms are  ejected in  the 
directions which involve least  momentum change ( i .e .  , to the sides for  normal  

(4) Target temperature has only a slight effect upon sputtering yield 
(5) Average energies of ejected particles a r e  of the order  of 10 to 100 e v ,  much 
higher than for thermally evaporated particles 57,64 

1 l] directions in 

incidence and in  a forward direction for oblique incidence of 57 

Although many of the experimental resul ts  can be explained on the basis of 
c lass ica l  t ransfer  of momentum between hard spheres , others require more  
sophisticated theoretical  t r e a t ~ n e n t ~ ~ .  Modification of the theory must  be made 
in accordance with the energy of the impinging particle56: 
the hard sphere collision model applies. 
penetration of the electron clouds surrounding the nuclei of the interacting 
particles occurs  and the Bohr collision model must  be used66. (3) At higher 
energies the interactions are essentially Coulombic repulsions between nuclei , 
as originally investigated by Rutherford. In all energy ranges consideration 
must  be given to the influence of the crystalline nature of the target  upon the 
distribution of energy and momentum among the ta rge t  a toms,  in  order  to ex- 
plain both preferential  tar e t  
interaction may  take place %' 9%; a l s o  the depth of bombarding particle penetra- 
tion is a function of c rys ta l  orientation69. 

(1) At low energies 
(2) At intermediate energies some 

rticle ejection and the distances over which the 

Many features  of the sputtering process a r e  not yet well understood 56,57,59 
Conditions a t  the target surface a r e  in general undetermined; this is probably 
one reason for the disparity among results from different authors and accounts 
for the difficulty of arr iving at consistent sputtering threshold energies 56 . 
The effect of sputtering upon the crystalline s t ructure  of the target 
is not well-known; there  is evidence 
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that for  some materials sputtering actually changes the crystal  structure of 
the f i r s t  few atom layers  to  a form different f rom the bulk structure 70 . 
Although sputtering i s  thought to occur in the f i r s t  few atom layers,  it is 
known that both energy and the bombarding particles themselves may end 
up a t  depths of several  hundred atom layers 6 8 ,  6 9 ;  damage to the interior 
of crystals due to bombardment by energetic particles should be explored 
further.  
energy distribution of the ejected particles, participation of trapped gas 
atoms in  the sputtering process,  e tc . ,  i s  necessary before all the essentials 
of sputtering are under stood. 

Consideration of these and many other problems, such as the 

Application of Field Ion Microscopy to Sputtering Studies 

Some of the problems mentioned in the previous paragraph may be in- 
vestigated by field ion microscopy. 
ceived by M;ller7l, is a device of great interest  and importance in the 
study of metal  surfaces,  because of its ability to resolve individual atoms 
in  a crystalline lattice. For  its theory of operation and a fairly complete 
surnmar of the experimental resul ts ,  the reader is referred to a review 
artic1e"by M k l e r .  Only a brief discussion of i t s  operation will be given 
here .  

The field ion microscope, f i r s t  con- 

The field ion microscope (FIM) i s  a diode, like the field emission 
microscope (FEM), but with the voltages reversed. Ions instead of 
electrons a r e  used to  form the image. 
gas is introduced into the tube; the gas molecules a r e  attracted to  the 
neighborhood of the tip by their dipole interaction with the inhomogeneous 
electric field. 
producing ions that travel to the phosphor screen  and form an image of 
the surface of the point anode. Although the magnification of the field ion 
microscope i s  about the same a s  that of the FEM, the resolution i s  much 
greater because diffraction effects a r e  l e s s  for  ions than for electrons, 
and at the temperatures employed the velocity components tangent to the 
surface of the point anode a r e  less  for ions. 
optimized by operation at low temperature, to reduce the t ransverse 
velocity components of the image-forming ions, and by the use of helium 
gas as the source of ions, since helium has the highest ionization potential 
of any gas and thus i t s  ions a r e  formed closer to the anode surface. 
these means resolution of neighboring atoms 3 A apart  has been attained 

In order  to  have a supply of ions, 

In the high field near the tip the molecules become ionized, 

The resolution of the FIMis  

By 72 . 

The FIM anode tip can be kept free of contaminants from the gas 
phase, i f  helium i s  used as  the imaging gas,  by maintaining a field of 
300 Mv/cm or higher on i ts  surfacec13; since all other gases have ion- 
ization potentials l e s s  than that of helium, gas molecules other than 
helium will be ionized at a distance and will never reach the tip surface. 
At still  higher fields (500 Mv/cm for  tungsten) atom layers  of the tip 
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mater ia l  a r e  removed from the tip surface, permitting examination of SUC- 
cessive underlying atom layers  72 . 

Thus the field ion microscope can be used advantageously in  sputtering 
studies f o r  several  reasons: (1) Individual sputtering events may be 
examined. (2) Gross  damage in  the interior of the target  crystal ,  a s  well 
a s  on its surface,  may be examined i n  depth by removing atom layers  from 
the anode tip by field evaporation. ( 3 )  The shape and structure of the target  
surface a r e  known in  atomic detail. 
mately hemispherical in  shape, all the crystallographic directions asso- 
ciated with the crystal  structure of the target  can be viewed in  its field ion 
pattern; by rotating the tip about its axis different crystal  faces may be ex- 
posed to the bombarding beam. (5) If a beam of neutral atoms is used as 
the bombarding beam, the surface of the target  may be kept absolutely f r ee  
of extraneous contaminants during bombardment, so that effects due to  
surface contamination a r e  eliminated. The FIM also has some disadvantages 
associated with it, the most  serious of which i s  the high value of mechanical 
s t r e s s ,  due to the electric field, which i s  exerted on the tip surface; this can 
affect the apparent results due to bombardment by permitting migration of 
some types of defects to the surface, and also l imits the choice of mater ia ls  
from which targets  can be made. 

(4) Since the tip surface i s  approxi- 

Surprisingly, very little use of the field ion microscope has  been made 
so far i n  studies of sputtering and radiation damage. The work that has  
been done in  this a r e a  has been performed by M a l e r  and Sinha (a l so  by 
Brandon and Wald)74, who have observed surface damage resulting from 
bombardment of W and Pt tips with 5.4 Mev alpha particles from a polonium 
source73, with He or  A ions of energies between 25 and 300 ev ,73  and 
bombardment of W with 20 kev He or Hg atoms75. In their  la t ter  study 
they found that the surface damage due to He atoms consisted of vacancies, 
intersti t ials and clusters  of these defects, and a disordering of the lattice 
in  about a 50 to 100 A diameter region, with some of the damage appearing 
on the side of the t ip opposite to  the bombarding beam (tip radius of 90oA). 
Bombardment by Hg atoms caused even more  extensive damage, per-  
mitting field evaporation of entire close packed net planes up to 200 A in  
diameter.  

The objective of the investigation undertaken i n  this laboratory is to  
study sputtering of clean tungsten surfaces by xenon ion bombardment, 
and to re la te  the information so gained to sputtering problems encountered 
in cesium ion propulsion systems. Xenon ions a r e  used in  this study in- 
stead of cesium ions because xenon is  eas ie r  to handle experimentally; 
xenon fi lms a r e  nonconductive, and xenon can be pumped out of an  evac- 
uated tube eas ie r  than cesium. Other studies64 have shown that the 
sputtering yields of xenon and cesium a r e  very nearly equal, so that the 
results obtained using xenon should be directly applicable to those cases  
where cesium sputtering occurs.  
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EXPERIMENTAL TUBE AND TECHNIQUES 

Ion Microscope Design 

The field ion microscope shown i n  Figure 33 is the design used for this 
investigation, and is suitable for field emission microscopy a8 well. 
metal  to  be studied is etched to a very  small  radius (ca .  500 A) in  order  to  
obtain the high fields necessary for image formation at reasonable voltages 
(1 -30  kv). 
hairpin which, in  turn,  i s  inserted into nichrome sleeves for easy replace- 
ment. The surrounding cathode i s  a cone fashioned from 10 mil  molybdenum 
sheet and slips over a protruding portion of a ground glass  joint. The tube 
envelope is fabricated from pyrex glass with a screen  diameter of 5 inches 
and an emitter to sc reen  distance of 10 cm. 
screen,  a conducting layer of tin oxide is formed on the glass  surface. 

The 

The emitter is mounted by spot welding it to  a 10 mil  tungsten 

Before applying the phosphor 

The emitter and the metal  cone surrounding the emitter a r e  cooled by 
a suitable refrigerant,  in  this case liquid nitrogen. 
the emit ter  reach the phosphor screen by passing through a hole in the 
metal  cone. 

The ions produced at 

The tube is evacuated and baked at 4OO0C for 24 hours resulting in  
a vacuum of better than 10-9 to r r .  
to  p re s su res  of 5 and 0. 5 microns respectively. 

Helium and xenon a r e  then admitted 

Ion Gun Design 

The basic design shown i n  Figure 34 consists of three basic par t s ,  
the electron source,  the ionization chamber, and the lens system. 

The electron source i s  a small  coil wound from 4 mi l  tungsten placed 
3 mm from the entrance hole to the ionization chamber. This entrance 
hole has  a diameter of 5 mm. The electron beam is collimated through 
this hole by an external axial magnetic field of 400 gauss. 
thus produced in a narrow region i n  the ionization chamber. 

The ions a r e  

The ionization chamber i s  simply a molybdenum cylinder 1. 7 cm in  
diameter 3. 5 cm long with an extraction electrode at one end. 
electrode i s  a molybdenum disk with a 1 cm diameter hole covered by a 
tungsten screen which has a transmission of 70’%. The tungsten screen  
prevents the acceleration field from penetrating the ionization chamber. 

This 

After passing through the extraction electrode the ions a r e  accel- 
erated to their full energybefore entering the Einzel lens system. 
first and last lenses a r e  constructed from 1. 7 cm diameter molybdenum 
cylinders, 2 cm long, which have apertures of 8 m m  diameter.  The center 
lens i s  a 1.2 cm diameter cylinder 2 cm long with no aperture .  The Einzel lens 

The 
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is a zero  energy lens; that i s ,  an ion leaves the lens at the same energy it 
enters .  

The ion gun i s  designed, shown in  Figure 35, so as to permit removal 
of the ion source without disturbing the lens structure.  

Procedure 

F o r  all  experiments reported here  the microscope was used as a sealed 
off tube. 
xenon for  the sputtering study. 
were cooled to liquid nitrogen temperatures xenon was adsorbed on them to 
the extent that no interference in the formation @f the helium image was 
observed. 
to room temperature and the electron energy in  the ionization chamber was 
raised to a value below 12.4 volts to  prevent the formation of helium ions. 
Xenon ion currents up to amps a r e  obtained a t  a pressure of 0. 5 p. 
This corresponds to approximately 150 ion impacts per  second on the 
surface visible in the ion image, assuming a beam diameter of 5 mm. 

The tube contained two gases,  helium to form the ion image and 
When the emitter and surrounding mantle 

To  generate a xenon ion beam the tube temperature was raised 

The ion current is collected and measured in  a Faraday cup. The 
current indicated by the Faraday cup i s  not a t rue measure of the particle 
impact on the emitter since the beam also lons i s t s  of neutrals formed by 
charge exchange. The c ross  section for Xe Xe charge exchange is 
5 x 
path of 20 cm calculations show that a t  the collector 74% of the beam 
consists of neutral atoms. 
neutrals . 

cm2 a t  1000 ev. 76 At a xenon pressure  of 0. 5 p for a beam 

At the emitter the beam consists of 50% 

During operation the following procedure was followed. 
was heated to a dull red for a few seconds to  clean and anneal it. 
cooling to liquid nitrogen temperature the emitter was subjected to  the 
process of field evaporation which produces an atomically smooth 
crystal  surface. 
electric field high enough so that the barr ier  to  evaporation is lowered 
sufficiently to allow evaporation even at liquid nitrogen temperatures.  
The evaporation is the most  rapid over protrusions, where the field is 
the highest, thus smoothing the surface. 
smooth and clean emitter i s  shown in  Figure 36. 

The emitter 
After 

Field evaporation i s  brought about by raising the 

The ion image of an atomically 

The anode tip was then bombarded by the xenon beam, with viewing 
field off for ion bombardment and on for neutral bombardment. The r e -  
sulting damage was monitored visually, and periodically the xenon beam 
turned off and a photograph of the current ion pattern was taken. The 
ion images shown in this report were photographed with an  F/ 1.2 lens 
on Kodak Spectroscopic Fi lm Type 103-AG, with typical exposure t imes 
of about six minutes. 
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Figure  3 6 .  Helium ion image of a field evaporated tungsten emitter.  
Voltage 14.85 kv. 
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PRELIMINARY RESULTS 

The results so far a r e  of a qualitative nature; quantitative resul ts  a r e  
expected la ter  in  the program. 

Figure 37 was taken after a small amount of ion bombardment followed 
by field evaporation of approximately one atom layer of tungsten, and shows 
a few random bright spots in  the (1 10) region that were not visible in the 
pattern before bombardment (Figure 36). 
layers  f rom the surface by field evaporation, these spots disappeared and 
new spots appeared in  new locations, the process repeating a s  long as 
field evapoxation continued. These spots a r e  believed to  be due to xencm 
atoms buried just  beneath the surface and causing a bulge in  the uppermost 
tung sten atom layer (s imilar  interpretations involving intersti t ial  atoms 
have been made by This would agree with the work of Kornelsen 
which indicates that bombarding noble gas ions can be trapped in  tungsten to 
depths of several  hundred atom layers. 

Upon removal Qf additional atom 

69 

After heavy ion bombardment and slight field evaporation the pattern 
in  Figure 38 was taken; heavy damage in  the (1 11) regions can be seen. 
Even after field evaporation of more  than 30 atom layers  the effect of 
sputtering could still be seen in  the (1 11) regions. 

Another emitter after heavy ion bombardment is shown i n  Figure 39 A-D. 
5 The energy of the ion beam was 1 kv, and roughly 10 

the emitter surface visible i n  the ion pattern. 
the best  image voltage large a reas  of the emitter surface were seen to  be 

regular and loosely bound surface. The best  image voltage, an indication 
of emitter curvature,was also 10% lower, which indicates a change in  
emitter shape. Figure 39-B i s  after more field evaporation with the sur -  
face continuing to leave a s  large areas .  Figure 39-C i s  after removal of 
10 atom layers  from the El113 plane. A large amount of damage is visible 
in  the upper lefthand portion of the image and also in  the (11 1) region. 
Even after removal of 100 atom layers disorder is still evident (Figure 
39-0). 
collisions in  the close packed < 11 1> direction. 

impacts were made on 
As the voltage was raised t o  

- -- ---- 3 A L  -I LL - I : - J--- 1 ---: 4.4.:- I - - 2  - A -  :I 3 2  - - L 1 _ _  - ---AI- - _ _  . 
I G L L I W  V G U  I a ~ i i c ~  L i i a u  i i i u v A u u a i  c i i i i L u i i g  puIiit.3, I i L u i L a u i i g  Z. I auici ii-- 

Damage in  the (111) region is  probablydue to focusing type 

The previously mentioned experiments were performed in  a rather  

Using the method of maintaining a clean 
poor vacuum, 5 p , so that during the sputtering experiments the surface 
was covered by adsorbed gas. 
surface by applying a voltage necessary to form a helium image, 
mentioned previously, sputtering by neutral xenon atoms has been studied. 
Since the sputtering beam contains about 50% neutrals no difficulties a r e  
presented except in  the measurement of the f l u x  of these neutrals. 

Figure 40 A-D shows the results of sputtering with neutrals with the 
Figure 40-A is the ion pattern before image field applied to the emitter.  
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F i g u r e  3 7 .  Tungs ten  e m i t t e r  a f t e r  sl ight xenon s p u t t e r i n g .  Voltage 14.85 kv. 
Ion b e a m  e n t e r s  f r o m  l e f t .  
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Figure 38 .  Tungsten image after sputtering with xenon and helium ions with 
energies  to 10 kv, and slight field evaporation. 
kv.  Ion beam enters  from left .  

Voltage 1 3 . 5 0  
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A B 

C D 

Figure 39. Tungsten image after sputtering, roughly l o 5  impacts a t  1 kv 
energy. (A) Ion image immediately after sputtering. (B) 
After small  amount of field evaporation. (C) Field evaporation 
of 10 atom layers .  
Ion beam enters f rom left. 

(D) After removal of 100 atomic layers .  
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A B 

G D 

Figure 40 .  Tungsten image after sputtering with neutrals with the image 
f i  Id on. (A) Ion image before sputtering. (B) After roughly 
10 impacts a t  10 kv energy. (C) Field evaporation of 2 atomic 
layers .  (D) Additional 2 layers.  Ion beam enters  f rom left. 

5 
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sputtering. 
the image field i s  applied. 
a r e a  of the emitter at an energyof 10 kv. Figures 40-C and 40-D a r e  after 
field evaporation of 2 and 4 atom layers respectively. Notice that there  i s  
still  considerable damage even after 4 atomic layers  have been removed. 
The a r e a  toward the beam shows very little regularity. 
away f rom the beam i s  more  regular,  it still  shows many vacancies and 
inter stitials. 

Figure 40-B shows the results of sputtering by neutrals while 
3 About 10 impacts were  made on the visible 

While the side 

CONCLUSIONS 

These results show that, for particle energies as low as  1 kev, ex- 
tensive damage takes place throughout the target crystal  even though it 
is of the order  of 1000 A i n  diameter. 
to appear i n  the {ill', regions than in  other regions; this may be due to 
field evaporation of displaced and thus l e s s  tightly bound atoms. 

A greater  amount of damage seems 

It appears that more  information will  be gained if  sputtering will be 
limited to a few impacts, 0-50, instead of the several  hundred used so 
that damage from individual impacts may be studied. 
either sputtering with neutrals or  working with high vacuum to maintain 
a clean surface. 

This will necessitate 
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APPENDIX I 

SOURCE OF MOVEMENT OF SPHERICAL ELECTRODE 

It has  been shown previouslylthat the electrostatic s t r e s s  needed to  
account f o r  an elongation of the filament that would result  in  the observed 
r i s e  in  current  at constant voltage would be much grea te r  than the force 
produced by the maximum applied gross field. If, however, the ball and 
i t s  supporting structure a r e  not perpendicular, but a r e  inclined slightly 
with respect  to the plane as shown in Figure 41-a much less force i s  re -  
quired to pull this structure into the perpendicular position, thus bringing 
the ball c loser  to  the plane and decreasing the gap. 

Assuming the s t r e s s  forces  a r e  responsible for  the initial displacement 
that leads to oscillation, the la teral  displacement should be: 

f s  L2 
z =  - 

7 L 
G w  0 

where: f s  is the force between a plane and a grounded sphere 

L i s  the length of the supporting filament 

G is the moment of inertia with respect to an axis parallel  to 
the plane and passing through the pivot point 0 in  the figure 

oo is  the angular frequency of oscillation. 

Using the computed value of G, the measured values of fs, oo , and L, 
a value of z can be found. This can be compared with a value derived 
from the known change in  gap current.  Assuming the change in  I i s  due 
to a change in  P at a constant voltage, equation (7)  can be differentiated 
to give 

AP - AI PV 
I b18 

1 
-372 - -  

P 
It has  been shown that P is related t o  the enhancement factor J' , which is 
independent of gap s acing, by P d = d' .  Differentiating this,  a change i n  
gap spacing A d  = 3 AP . From strictly geometrical considerations, it 
can be seen f rom the figure that if z i s  small  compared with L, z can be 
expressed as :  

P 

z = 4Tci-z 
At a gap spacing of 2. 5 mi ls ,  a value of z computed using equation # 

(1-1) was found to be 1. 78 x cm while the value of z computed from 
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- 

Planor Cathode Shield 

Figure 41. a )  Cutaway view of tungsten electrode voltage breakdown tube 
showing, in exaggerated form, the initial position of the spheri- 
cal  electrode (solid line) and the position (dotted line) after move- 
ment. 
b) Cutaway view of molybdenum tube. 
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equation (1-2) was found to  be 2. 8 x l o e 2  cm. It seems plausible that the 
electrostatic forces acting on slightly non-symmetrical electrodes could 
account for  a change in  gap spacing which could lead to oscillatory motion 
a s  well as to instabilities i n  the I - V  characteristics of the system. 
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APPENDIX I1 

SOURCE OF MOVEMENT OF PLANAR ELECTRODE 

There  a r e  three forces due to  electrostatic s t r e s ses  acting on the planar 
electrode, one due to the electric field between the spherical electrode and the 
planar electrode,fs,  one due to the field between the planar cathode shield and 
the planar electrode, fp, and one due to the field between emitting protrusions 
and the planar electrode. 

The total force acting upon the planar electrode may be obtained by 
integrating the electric field s t r e s s  over the a r e a s  of each par t  of the 
cathode structure and adding the resulting forces.  Despite the high field, 
at the protrusion t ips,  the corresponding force i s  negligible, compared to 
the others ,  because the a r e a  over which it acts i s  extremely small .  

Because of the very large a r e a  of the planar cathode shield, the dominant 
force will be fp, which i s  given by,( in  rationalized MKS units), 

E 0 vL 
f = '7 

dP 
sP P 

where V is the applied voltage, 
in  Figure 41-b, and Sp i s  the a r e a  of the cathode shield. 
between sphere and plane i s  much smaller than the distance 
mum gap spacing, there  will a lso be a contribution to the total force due to 
the field between the sphere and the plane despite the much sq-aller s ize  of 
the sphere.  Fo r  the case of a sphere and a plane the force iser 

% i s  the separation between planes a s  shown 
Since the distance d 

even at maxi- % 

8 r s  ( r s+d)  
f S  = 2.rr € 0  t ?( r s t d ) 2  - rqg 

where V is the applied voltage in  volts, rs is the radius of the sphere,  d 
is the distance from the top of the sphere to  the plane and E is the permittivity. 

A sample calculation using the experimentally measured values of V 

F o r  the following values of 
and d a t  which the planar electrode was seen to  move towards gap closure 
will i l lustrate the magnitude of these forces.  
the constants and variables, 

*William R. Smythe ,Static and Dynamic Electricity, 2nd Ed. (McGraw-Hill 
Book Company, Inc. ,  New York, Toronto, London, 1950), p. 121. 
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V = 16.7 kv 

d = 10 mils  

rs = 1 5 m i l s  

dp = 50 mils 

E = 8. 85 x ( in  MKS units) 
0 

the values for fp and f s  which add to  give the total force can be expressed in  
grams as:  

f p  t f s  = 7.80 gm t 0.49 gm = 8.26 gm 

An effective spring constant was determined by suspending weights f rom 
the planar electrode of a similar tube and found to be 41 gm/mil .  
this value fo r  the spring constant, the above force would move the electrode 
0.2 mi ls ,  o r  cause a 270 change i n  d which will be monitored as  a 22% 
change i n  emission current. The change in  d will increase the force,  and 
lead to a regenerative process if A d is greater  than some crit ical  value 
(about , 2 mils fo r  the above values of V and dp). 

Using 



Page f i r s t  
Introduced 

82 

26 

27 

11 

26 

26 

78  

80 

26 

49 

50 

45 

77 

108 

56 

APPENDIX I11 

LIST OF SYMBOLS 

Symbol Meaning 

surface atom density 

A intercept with vertical axis at  10 4 /v  = 0 

in a Fowler-Nordheim plot 

Fowler-Nordheim intercept A for a clean 
sur face 

AS 

a site -to- site separation for diffusion 

B a pre-exponential constant in the Fowler- 
Nordheim equation whose value depends 
upon geometry alone 

b a constant, with value 6 . 8  x lo7 ~ / c r n ( e v ) ~  /', 
which appears in the Fowler-Nordheim 
equation 

C a constant defined by equation (57) 

C 

C 
0 

C 1  

D 

DO 

d 

d 
P 

E 

velocity of light ( 3  x 1O1O cm/sec)  

ratio of electric field a t  the equilibrium 
distance xo of the ad-atom to the applied 
field F 

equivalent fraction of an ad-atom' s neighbors 
involved in a van der Waal's interaction 

di ff u s ion c oe f fic ient 

diffu sivity 

inter -electrode spacing 

distance from planar electrode to planar 
cathode shield 

activation energy 



Page first 
Int r o duc e d 

10 

50 

10 

33 

36 

19 

25 

71 

65 

50 

47 

108 

105 

105 

77 

77 

46 

10 

80 

77 

49 

Symbol 

Ea 

Eb 

Ed 

E 
P 

e 

F 

F 
0 

Fav 

Fs 

Fd(8 9 

f 

fP 

f S  

G 

H 

h 

h' 

I 

i 

J 

Jd 

Meaning 

activation energy for neutral  de sorption 

heat of vaporization of cesium 

activation energy for surface diffusion 

activation energy for ion desorption 

charge of an electron 

applied field 

applied field evaluated at xo 

average electr ic  field on the surface of 
an electrode 

applied field evaluated at xs 

a complicated dimensionless function which 
multiplies the diffusion coefficient 

two-dimensional spreading p res  sure  

force due to electrostatic s t r e s s  between 
planes 

force due to electrostatic s t r e s s  between 
sphere and plane 

moment of inertia 

half width of base of protrusion 

height of protrusion 

Planck's constant ( 6 . 6 2  x e r g s e c )  

current 

fi 
current density 

two-dimensional atom flux 
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Page f i r s t  
Introduced Symbol Meaning 

7 6  Jm ax maximum current density before a t ip is 
resistively heated to i ts  melting point 

Boltzmann's constant ( 8 . 6 2  x ev/*K) 11 k 

5 8  k 
P 

rate constant for field desorption 

a dimensionless factor with values between 
0 and 1 ,  which accounts for the discreteness 
of an adsorbed layer of dipoles. 

105 

26  

5 

4 6  

5 

5 

4 6  

L 

In 

length of spherical electrode and i t s  support 

natural logarithm 

log 

M 

m 

base 10 logarithm 

atomic weight of cesium 

slope of Fowler -Nordheim plot 

slope of Fowler-Nordheim plot for clean surface m 

N 

S 

number of ad-atoms in the system whose 
partition function i s  Q 

48 

48 

7 8  

31 

NO 
number of si tes available for adsorption 

- 
N1 1 

average number of nearest  neighbors 

number of photons n 

T -F enhancement factor (relative increase 
in field emission current due to temperature T) 

31 P a complicated function of T ,  F ,  and 0 ,  
approximated by 9 . 3  x l o 3  T q1l2 , T in degK, 

8 in ev,  F in v/cm. 
F 

46  

46  

canonical partition function for a system of 
ad- atoms 

single particle partition function 
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Page f i r s t  
Introduced Svmbol Meaninn 

R cesium dosage (amount of cesium crossing 
a plane normal to the cesium beam) 

11 

6 

108 

108 

46 

46 

46 

82 

58 

apex radius of emitting tip r 

radius of spherical electrode r 
s 

surface a r e a  of cathode shield S 

S 
P 

surface a rea  

total a r e a  occupied by No ad-atoms 

sf f ree  surface a r e a  

St 

S 

surface tension of protrusion mater ia l  

a complicated function involving transition 
probabilities and/or entropy effects 

11 

34 

26 

temperature 

t time 

tabulated functions in  the Fowler-Nordheim 
equation, taking into account image corrections 

10 

34 

80 

47 

47 

V applied voltage 

ionization potential of the adsorbate V 
I 

electron velocity V 

ad-atom two-dimensional velocity V 
d 

W intermolecular potential energy which a 
given ad-atom experiences 

pair-wise mutual potential energy of 
nearest  neighbors 

48 w1 

48 attractive potential energy t e rm involving 
dispersion forces 

W a 
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Introduced 

55 

48 

27 

25 

62 

36 

64 

82 

1 1  

78 

105 

19 

65 

11 

78 

65 

5 

78 

71 

Symbol 

F W 

W r 

X 

X 
0 

X 
C 

X 
P 

X 
S 

dx/dt 

Y 

Z 

Z 

a 

a a 

a 
C 

af 

a 
i 

P 

P r  

Meaning 

change in ad-atom potential energy due to 
applied field F 

potential energy t e rm due to Coulomb r e -  
pulsion of adjacent dipoles 

distance normal to the surface 

equilibrium distance from the surface 

distance from the  surface at which ionic 
desorption and neutral  desorption curves 
intersect 

equilibrium bond distance of the adsorbate 

distance of the Schottky saddle from the 
surface 

change in protrusion length 

diffusion distance on the surface 

atomic number 

lateral  displacement from plane normal 
of the spherical electrode 

ad  -atom polarizability 

polarizability of atomic state 

interior half angle of emitter cone 

fine s t ructure  constant 

polarizability of ionic state 

geometric ratio of electric field F at the 
surface to the applied voltage V 

ratio of electron velocity v to the velocity 
of light c 

electric field enhancement factor due to  
surface roughness 
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Int r o  duc ed Meaning 

angular separation from foil normal  

Symbol 

s 78 

108 

80 

80 

47 

80 

46 

80 

permittivity in vacuum 
€0 

E complex die le c t r ic  constant 

real  and imaginary par t s  of E respectively 
€1 '€2 

ratio of 6 to  gm 

radiation wavelength 

8 

A 

wavelength of vibrating ad-atom 

wavelength corresponding to plasma 
frequency w 

P 

k 
P 

effective dipole moment of the adsorbate 19 

29 

49 

34 

6 

25 

14 

dipole moment at zero coverage 

chemical potential of the adsorbed layer 

vibrational frequency of adsorbed atoms 

adsorbate surface density 

monolayer coverage of adsorbate 

the highest adsorbate surface density 
inve s t igat  ed 

coverage at which the work function of 
the surface is  equal to the ionization 
potential of cesium 

40 

14 

5 3  

53 

adsorbate surface density for which the 
change in work function is  maximum 

adsorbate surface density on the emit ter  
shank 

6, 

adsorbate surface density on the emit ter  
tip 

6;: 
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Introduced Symbol 

47 q, 

45 

5 

19 

19 

14 

5 

14 

38 

5 

78  

82 

7 8  

105 

80 

Superscripts: 

0 

F 

8 

QlOO 

10 

Qav 

C 
8 

Q 

8 

8 

m 

o w  

S 

n 
0 

(L 

W 

wO 

W 
P 

Meaning 

time required for an ad-atom to t ravel  one 
lattice- site distance a for a freely mobile 
two-dimensional gas 

time required for an ad-atom to t ravel  one 
lattice-site distance a for a localized ad- 
layer of res t r ic ted mobility 

work function 

work function of the (100) plane 

work function of the (110)  plane 

average work function 

work function at xc 

minimum value of the work function 

work function of oxygen-covered tungsten 

average clean substrate work function 

cos s 
atomic volume 

frequency of emitted radiation 

frequency of oscillation of the electrode 

angular frequency of f ree  electron plasma 
in metal  

no applied field 

applied field F 

116 


